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One outstanding threat to the honey bee, Apis mellifera L., is the unintended exposure of
these pollinators to agricultural pesticides. Anthranilic diamides, such as
chlorantraniliprole, work in target pests through activation of the ryanodine receptor
causing rapid feeding cessation, lethargy, paralysis, and eventual death.
Chlorantraniliprole exhibits low acute toxicity to honey bees but relatively little
information exists regarding effects of chlorantraniliprole exposure beyond mortality.
The acute toxicity and metabolic detoxification enzyme activities following oral exposure
were determined in the honey bee and the model crop pest, the fall armyworm
(Spodoptera frugiperda, J.E. Smith). Additionally, chlorantraniliprole effects on honey
bee survival, locomotor activity, and two immunological parameters following immune
challenge were observed in laboratory bioassays. After a 72 h exposure, neither the
technical grade or three formulated products of chlorantraniliprole were observed to be
acutely toxic to honey bees at solubility limits or maximum recommended label
concentrations, respectively. However, all treatments with chlorantraniliprole were
acutely toxic to fall armyworm. Honey bees receiving a 4 h exposure of all
chlorantraniliprole treatments survived similar to untreated controls although honey bees

receiving a 72 h exposure had significantly decreased survival over 30 d. The locomotor
activity of honey bees receiving a 4 h exposure of chlorantraniliprole had decreased
locomotion in one formulation treatment group, but walking activities returned to control
levels the following day. In contrast, walking distance was significantly decreased at
each time point in honey bees receiving chlorantraniliprole treatment for 72 h. Following
determination of cytochrome P450 monooxygenase (P450), general esterase (EST), and
glutathione S-transferase (GST) activities in both insect species, P450- and GSTmediated detoxification appears likely in the fall armyworm, while enzyme activities
were not altered in honey bees in a manner consistent with enhanced detoxification.
After injection with a viral or bacterial pathogen, honey bees pre-exposed to technicalgrade chlorantraniliprole and provided a bacterial immune challenge had increased
phenoloxidase activity, which suggest an alteration of this immune cascade. This study
provides additional information regarding sublethal effects of an increasingly used
compound in a beneficial species and, in turn, serves to bridge knowledge gaps related to
chlorantraniliprole exposures and pollinator health.
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CHAPTER 1: LITERATURE REVIEW
BASIC BIOLOGY OF THE HONEY BEE
The basic biology of the honey bee presented below was reviewed previously by
Williams (2016).
Honey bees are within the order Hymenoptera, which includes wasps, bees, ants,
and sawflies. Bees evolved from sphecoid wasps approximately 100 million
years ago alongside the appearance of flowering angiosperms. The evolution of
bees is believed to be linked to the diversification of these angiosperms, which
evolved with different colors, shapes, excess nectar and pollen as reward to bees
which could transfer their pollen to nearby plants (Winston, 1991). There are
approximately 20,000 species of bees contained within 7 families and 150
genera. The honey bee belongs to the family Apidae, in the genus Apis. There
are currently seven species within this genus, although historically the number of
species has ranged between six and eleven (Caron, 2001). Two of the most
notable species within this genus are A. mellifera, the western or European honey
bee, and A. cerana, the eastern or Asian honey bee, which are known for their
ability to pollinate a number of crops, store sizable amounts of honey, and can be
maintained and manipulated in man-made hives. Honey bees, with the exception
of A. mellifera, originated and are native to South and Southeast Asia. A.
mellifera is believed to have originated in eastern Africa and later spread to
Europe and Asia, with a native range spanning from Scandinavia to central Asia
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and Africa. A. mellifera was deliberately introduced to the Americas in 1622,
and has since achieved a near-worldwide distribution (Whitfield et al., 2006).
Honey bees are holometabolous, oviparous, and eusocial insects. Each
population is comprised of one reproductive queen, around 20,000-40,000 sterile
female workers, and a few hundred fertile males (or drones). Honey bees are
haplodiploid insects with the female queens and workers developing from
fertilized eggs and drones developing from unfertilized eggs laid by the queen
(Caron, 2001; Winston, 1991). The queen is the main reproductive entity within
the hive, and the ovaries of the working females undergo developmental
suppression due to the presence of pheromones excreted by the queen and brood.
The sole purpose of the drones is to mate with the queen, they perform no tasks
within the hive and are taken care of by worker bees for the warmer part of the
year and are cast out of the hive by the workers when colder weather sets in.
Three days after the queen lays a fertilized egg, the egg hatches as a larva with a
total of five instars. These larvae are tended to by young nurse bees, and are fed
either worker jelly if they are meant to become worker bees or royal jelly if the
larva is meant to be a queen bee. After six days, the cell is capped by worker
bees followed by pupation of the larva. The period of pupal development
depends on the type of bee in the cell. The queen bee pupa develops in 7 days
whereas worker and drone pupa develop in 12 and 14.5 days, respectively,
before emerging as an adult (Caron, 2001; Winston, 1991).
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The behavior of worker honey bees changes with age, a feature known as
temporal polyethism. This phenomenon is controlled by juvenile hormone and
vitellogenin (Beshers et al., 2001; Huang & Robinson, 1996; Robinson et al.,
1994). Newly emerged adult workers clean the cell after emergence and are
referred to as nurse bees after their brood glands develop. Nurse bees stay near
the center of the nest and tend to brood by feeding and capping pre-pupal cells,
and attend to the queen. As the bees age, they move closer to the edges of the
frames, working as comb and cell constructors, transporting and packaging
pollen and honey into cells, and guarding the entrance to the hive. Workers
finally become foragers in the last stage of their life, approximately 20-40 days
old, and continually leave the hive in search of pollen, nectar, plant sap for
propolis, and water (Robinson et al., 1994). The progression of task maintenance
is dependent on the state of the bees’ hypopharyngeal, mandibular, wax, and
alarm pheromone glands, which is altered based on age and physiological
development (Seeley, 1989). Although this order generally occurs in an agedependent manner, bees may change tasks precociously or retain the same task
longer than normal due to environmental conditions (e.g., dearth of resources or
abundance of brood) or disease outbreak within the hive (Robinson et al., 1994;
Williams, 2016).
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HONEY BEES AS POLLINATORS
Animals pollinate approximately 80% of the 300,000 species of angiosperms, and a large
proportion of that pollination is provided by insects (Calderone, 2012). Insect pollination
is a vital ecosystem service contributing to both wild and agricultural plant communities,
and contributing approximately $212 billion to crop value worldwide (Ashman et al.,
2004; Gallai et al., 2009). Approximately one-third of the human diet is reliant on animal
pollination and 80% comes directly from pollination services provided by honey bees, a
value of approximately $12 billion in the US (Calderone, 2012; Klein et al., 2007).
Honey bees are the most commonly managed pollinator in the world due to a number of
biological and ecological factors which benefit humans including their perennial ecology,
generalist foraging capabilities, and population-dense hives which can be moved, split, or
managed with ease. The fruit and seed set, yield, and overall quality of 52 of the 115
leading foodstuffs globally are improved via honey bee pollination. Additionally, honey
bees are capable of increasing yield in roughly 95% of animal-pollinated crop species
(Klein et al., 2007). Numerous species of native bee species are effective pollinators, but
are largely unmanageable or have insufficient populations for use in large scale
agricultural systems (Gallai et al., 2009). Despite their importance to agricultural
production, the number of managed honey bee stocks in the US and Europe decreased
approximately 60% and 25%, respectively, between 1957 and 2009 (Ellis et al., 2010;
vanEngelsdorp & Meixner, 2010). These regional declines in honey bee colonies, paired
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with recent reports of declines in native bee populations have been a cause of concern for
the scientific, agricultural, apicultural, and general public communities alike.
Despite regional declines of colony numbers, the global stock of honey bee
colonies has increased in the past six decades. However, the rate at which colony
numbers have increased is not congruent with the demand of insect-dependent pollination
services (Aizen & Harder, 2009). Regional declines of colony numbers are not a new
phenomenon, with sporadic and alarming losses of colonies in the US recorded in 1887,
the 1960’s, and 1970’s (Stokstad, 2007). However, the declines first noted around 2006
were of particular concern because they involved a sharp increase in overwintering loss.
Historically, beekeepers have anticipated a loss of overwintering hives of roughly 1518%. Since the winter of 2006, beekeepers have reported overwintering losses of
approximately 22-37% and annual losses of upwards of 45% (Lee et al., 2015; Seitz et
al., 2015). While beekeepers can buy new colonies or split remaining hives to recoup
these losses, it presents an economic burden to the beekeeping operation and a strain on
the agricultural output of pollination services provided by honey bees. The factors
influencing pollinator decline in recent decades are likely multiple and interacting
(Goulson et al., 2015; P. H. Williams & Osborne, 2009). Given that the global human
population currently exceeds 7 billion and the UN estimates reach 10 billion by the year
2050 (United Nations, 2019), the pollination services provided by honey bees and other
insect pollinators are essential to the agricultural sector and overall food security of our
world.
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FACTORS INVOLVED IN BEE DECLINE
Varroa Mite
The Varroa mite, Varroa destructor, was first introduced to the US from China in 1987.
It has spread to almost every country where honey bees are managed and is considered
one of the primary factors associated with the decline in overall bee health over the past
decades. Varroa is obligately parasitic, causing damage to larval and adult bees alike
through feeding on hemolymph and fat body stores (Ramsey et al., 2019;Yang & CoxFoster, 2005). In addition to the mechanical damage of feeding, Varroa can transmit
multiple viruses to honey bees that further compromise the immune system of these
pollinators, and feeding has been demonstrated to down-regulate immune-related gene
expression (Yang & Cox-Foster, 2005). Feeding by Varroa mite and damage caused by
the viruses vectored by the mites has been shown to decrease the weight, overall size, and
protein content of bees (Annoscia et al., 2012; Bowen‐Walker & Gunn, 2001;
Rosenkranz et al., 2010; van Dooremalen et al., 2013). Additionally, parasitization by
Varroa can impair pupal development, disrupt organ development, decrease lifespan, and
alter the sensitivity of bees to other immune challenges like insecticidal or bacterial
exposure (Bowen‐Walker & Gunn, 2001; Richards et al., 2011; Schneider & Drescher,
1987; Yang & Cox-Foster, 2007). Two viruses vectored by Varroa are the Israeli Acute
Paralysis Virus (IAPV) and Deformed Wing Virus (DWV). The former was implicated
in Colony Collapse Disorder (CCD), a phenomenon categorized by the abandonment of
the colony by the majority of worker bees, in a 2007 metagenomic survey of affected
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colonies, and the latter is found ubiquitously in honey bee colonies. The viral titer of
DWV is increased by parasitism by Varroa, often leading to outward symptomologies
including malformed, shriveled wings upon adult emergence (Genersch et al., 2006;
Gisder et al., 2009; Yang & Cox-Foster, 2007).
Pathogens
In addition to the viral pathogens highlighted above, honey bees must face other
pathogens and animal invaders including viruses, bacteria, nematodes, fungi, beetles,
flies, and protozoans (Fefferman et al., 2007; Schmid-Hempel, 1998). The honey bee
hive is a highly suitable environment for pathogens given the temperature homeostasis,
reliable access to food stores, and large population of constantly-interacting individuals.
The replication and virulence of parasites and pathogens is often increased among
individuals under these conditions (Evans & Spivak, 2010; Fefferman et al., 2007;
Schmid-Hempel, 1998). Currently, there are 24 viruses known to infect honey bees
(McMenamin and Genersch, 2015). Bacterial pathogens in honey bee colonies include
the brood diseases American Foulbrood (AFB, causative agent Paenibacillus larvae) and
European Foulbrood (EFB, causative agent Melissococcus plutonius). Pathogenicity of
AFB falls on a spectrum, with antibiotic treatments suggested for low-level infections.
However, many states require infected hives to be incinerated due to the bacterium’s
ability to rapidly infect new colonies (Genersch, 2010). Brood loss from EFB is typically
not as severe and thought to arise primarily from environmental stressors (Bailey, 1960,
1963; Forsgren, 2010). Other brood diseases include the fungal disease Chalkbrood
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(causative agent Ascosphaera apis) and viral pathogen Sacbrood (causative agent
Morator aetatulas). Fungal microsporidians including Nosema apis and N. ceranae are
prevalent in bee colonies. N. apis was historically thought to infect A. mellifera and N.
ceranae was first described in A. ceranae. However, cross-infection of both
microsporidians has been demonstrated in both bee species (Forsgren & Fries, 2010;
Fries et al., 2006; Fries et al., 1996). Both Nosema species are spread through ingestion
of spores in contaminated food or comb. N. apis and N. ceranae infections do not
typically result in outward signs of disease in honey bees, but infection with either can
suppress immune function and reduce the life span of individual honey bees (Higes et al.,
2008; Paxton, 2010).
Other Factors
Another factor implicated in pollinator decline worldwide is the habitat fragmentation
associated with urbanization and agricultural intensification. One study found that over
95% of flower-intensive grasslands were lost to urbanization in the United Kingdom in
the 20th century, and a similar study found a conversion of grasslands in the US at a
similar scale since the 19th century (Haines-Young et al., 2003; Howard et al., 2003; F.
B. Samson et al., 2004; F. Samson & Knopf, 1994). Habitat loss is associated with a
decrease in pollinator species abundance and diversity, floral resources, and nesting
habitat. Additionally, poor queen quality, starvation, poor nutrition, migratory
beekeeping practices, intensification of monoculture in agriculture, harsh winters, and
climate change are all factors either reported by beekeepers as source of their colony loss
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or current areas of research into pollinator declines (Goulson et al., 2015; Kulhanek et al.,
2017).
Pesticides
Pesticide effects on honey bees are an increasingly studied and popularly debated topic in
the scientific community. In addition to mitigating arthropod-vectored diseases and
structural damage from pests, pesticides are an integral part of the agricultural economy.
Pesticides help maintain high crop yields against arthropod pests, viruses, weeds, and
fungi which regularly decrease pre- and post-harvest losses. The US was second only to
China in pesticide usage in 2017, with over 400,000 tons of active ingredient utilized by
the agricultural sector alone (FAO, 2019). In recent decades, scientific inquiry has
intensified for the deleterious effects of pesticide exposure on the environment, human,
animal, and particularly pollinator systems. Traditionally, the registration of a new active
ingredient required an investigation of pesticide effects on beneficial arthropods (i.e.
pollinators and natural enemies) in terms of acute toxicity. This metric focuses on
establishing a median lethal dose or concentration (LD50 or LC50), the amount of
pesticide required to kill 50% of a given population. Recent investigations into pesticide
effects on beneficial pollinators have highlighted the importance of identifying effects
beyond observed mortality. The sub-lethal effects of pesticide exposure on the
physiology or behavior of pollinators, such as honey bees, can be difficult to quantify,
even more so to correlate directly to regional honey bee declines.
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A survey of North American honey bees hives detected upwards of 120 agrochemical
compounds in the hive matrices wax, pollen, and honey bees (Mullin et al., 2010). The
beekeeper-applied acaricides used to manage Varroa mite infestations are the most
commonly detected compounds found within honey bee colonies, and other agricultural
pesticides are frequently transported from the field and distributed throughout hive
matrices (Mullin et al., 2010; Ostiguy et al., 2019; Sanchez-Bayo & Goka, 2014). The
acaricides used within the hive have been linked to decreased immunocompetence in
honey bees, decreased tolerance to viral infection, and may act synergistically with other
agrochemicals transported to the hive (Boncristiani et al., 2012; Johnson et al., 2009,
2013; Locke et al., 2012; O’Neal et al., 2017; Reeves et al., 2018). Agrochemical
exposure has been linked to acute honey bee mortality in addition to a myriad of sublethal effects including impaired learning, reduced foraging, increased pathogen
infection, altered gut microbiome, and impaired reproduction and immunity (Decourtye,
Armengaud, et al., 2004; Decourtye, Devillers, et al., 2004; Desneux et al., 2007; Henry
et al., 2012; Kakumanu et al., 2016; O’Neal et al., 2019; Pettis et al., 2012, 2013; Wilson
et al., 2019; Wu et al., 2012; Wu-Smart & Spivak, 2016). Although some studies
conclude that pesticide exposure is the largest threat to honey bees and pollinator stability
as a whole, an increasing majority of scientific literature has suggested that pesticide
exposure is one facet of a multi-factorial problem for honey bees (Goulson et al., 2015).
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INSECTICIDE RESISTANCE AND SELECTIVITY
In addition to off-target effects, the widespread and repeated use of insecticidal
chemistries also promotes the development of insecticide resistance. Insecticide
resistance is an ever-increasing threat to agriculture. The Insecticide Resistance Action
Committee (IRAC) defines insecticide resistance as “a heritable change in the sensitivity
of a pest population that is reflected in the repeated failure of a product to achieve the
expected level of control when used according to the label recommendation for that pest
species” (Insecticide Resistance Action Committee, n.d.; Sparks & Nauen, 2015).
Insecticide resistance can be characterized as behavioral or physiological, and an insect
may develop multiple types of resistance (Georghiou, 1990; Hardy, 2014; Hemingway &
Ranson, 2000). Behavioral insecticide resistance is the ability of an insect to detect or
recognize an insecticidal compound and actively avoid contact with it. The insect may
cease feeding on a crop after it encounters the insecticide, move to the underside of a leaf
or deeper into the crop canopy, or simply fly away. There are four types of physiological
insecticide resistance: target site insensitivity, metabolic detoxification, ABC transporter
efflux, and reduced penetration. Target site insensitivity is physiological insecticide
resistance in which a genetic modification (commonly an amino acid substitution) in the
intended receptor interferes with or inhibits insecticidal binding at the target site.
Metabolic detoxification is the most prevalent type of insecticide resistance and occurs
when the insect develops modified or enhanced activities of detoxification enzymes.
ABC transporter efflux includes the enhanced activity or mutation of ABC (ATP- binding
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cassette) transporters, responsible for transporting compounds across lipid bilayer
membranes. Whereas, reduced penetration is an adaptation of the insect cuticle resulting
in slowed or stopped absorption of the insecticide compound by the cuticle (Fardel et al.,
1996; Hardy, 2014; Heckel, 2012; Hemingway & Ranson, 2000; Ranson et al., 2002).
Approximately 95% of current insecticide chemistries target five biological
processes within the insect, including acetylcholine and γ-aminobutyric acid (GABA)
neurotransmission, sodium channel gating, mitochondrial respiration, or chitin synthesis
(Cordova et al., 2006; Hardy, 2014). These five biological targets comprise the majority
of commercial insecticide modes of action (MoA), and the overlap of target sites utilized
by these MoA have increased selection pressure on insects and, in turn, increased
incidence of insecticide resistance and cross-resistance. As of 2014, there are over 3,100
insect species and 300 insecticide active ingredients with reported resistance issues.
Insecticides targeting acetylcholinesterase, GABA-gated chloride channels, and sodium
channels comprise over 90% of resistant insect species and 65% of active ingredients
with documented resistance (Hardy, 2014).
Since the introduction of synthetic insecticides in the 1940s, there have been
significant improvements in insecticidal efficacy and spectrum; however, the repeated
use of these products over large areas has increased the cases of insecticide resistance
(Hardy, 2014; Yu, 2014). In recent decades, these reports of widespread resistance and
off-target effects have shifted agrochemical development from broad-spectrum
insecticides to more selective chemistries. Insecticide selectivity, or the specificity of an
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insecticide to target pest species over vertebrate or beneficial species, provides a vitally
important measure of protection to humans and our environment. Differential sensitivity
to environmental toxicants between target and non-target species drives insecticide
design and pest control (Yu, 2014). Differential sensitivity is a result of physiological
variance between orders or species which may include changes at the target site,
metabolic and detoxification strategy variance, and differences in penetration and
absorption of compounds between species. Differential sensitivity may also be explained
by physiochemical properties of the compound such as environmental persistence,
polarity, or its measure of hydrophilic and lipophilic balance (Gentz et al., 2010; Yu,
2014). The ultimate goal of agrochemical development entails a delicate balance of high
specificity and efficacy for pest species and decreased mammalian and environmental
impact. Because the majority of insecticides target the same physiological processes and
systems, and insecticide resistance presents an on-going threat to cropping systems,
selective chemistries with a novel MoA are necessary to maintain the productivity and
profitability of the agricultural sector.

CALCIUM CHANNELS AND THE RYANODINE RECEPTOR
Calcium channels are vital for multiple cellular processes, controlling the release of
calcium responsible for cell signaling, muscle contraction, and neurotransmitter release
(Berridge et al., 2000). Calcium is a universal secondary messenger which plays a role in
hormone secretion, cold sensing, metabolism, gene expression, olfaction,
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mechanoreception, cellular immunity, and numerous other physiological processes
(Berridge & Prince, 1972; Messutat et al., 2001; Stengl, 1994; Teets et al., 2013;
Theopold et al., 2002; Willott et al., 2002; Zakarian et al., 2003). Two broad groups of
calcium channels exist in insects as well as mammalian systems: voltage-gated and
ligand-gated channels. In electrically excitable mammalian cells, the entrance of calcium
is mediated by L-, N-, P-, R-, and T- type channels depending on location and are
activated by low, intermediate, or high voltage depending on channel type (Ertel et al.,
2000; Jeziorski et al., 2000). Ligand-gated calcium channels require the binding of
specific agents to be activated and include the IP3, ryanodine, two-pore, and storeoperated receptors (Fill & Copello, 2002; Triggle & Janis, 1987). Calcium channels in
mammals are well-studied with a broad knowledge of location, function, subunit
structure, annotation of genes, pharmacological modulators, and disorders associated with
sub-optimal channel performance (Hagiwara, 1984; Splawski et al., 2004).
Unfortunately, there is less information existing with regards to insect calcium channels.
Both voltage- and ligand-gated channels exist in insects, but their location, function, and
associated modulators are not as thoroughly understood. Recent studies have
investigated insect calcium channels and their associated modulators with the hope of
discovering novel compounds to interfere with calcium signaling in arthropods (Lahm et
al., 2009; Sattelle et al., 2008). Interference with any physiological process requiring
calcium stores, particularly muscle contraction, via calcium channel modulation has
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become a target site of interest due to the lack of overlap with current chemical
interventions that target the insect central nervous system.
The ryanodine receptor (RyR) is a calcium channel found in the endoplasmic
reticulum of cardiac and neuron cells as well as the sarcoplasmic reticulum of muscle
cells (Hamilton, 2005). The receptor is so named for the activation of the calcium ion
channel by the plant alkaloid ryanodine, which binds to the receptor and opens the
channel to allow for the movement of calcium to the extracellular matrix (Fill & Copello,
2002; Sattelle et al., 2008). Ryanodine has been used in the past as a botanical
insecticide, but a higher than acceptable mammalian toxicity and large expense related to
developing synthetic versions inhibit its use on a commercial scale (Nauen, 2006). Three
isoforms of RyR have been characterized in mammalian tissue and insects possess a
single isoform. The ryanodine receptors and inositol 1,4,5-triphosphate receptors
(InsP3Rs) are two major calcium-release channels found in muscle cells that release
intracellular calcium into the extracellular matrix (Berridge, 1993; Hamilton, 2005). This
extracellular calcium is then used by striated muscle cells to allow excitation contraction
coupling. Ryanodine receptors are large homomeric tetramers (ca. 2-2.5 MDa in
vertebrates) with multiple associated proteins, making them one of the largest ion
channels known in insects (Ebbinghaus-Kintscher et al., 2006; Hamilton & Serysheva,
2009; Sattelle et al., 2008). The RyR offers an exploitable target site for insecticide
discovery with minimal incidence of cross-resistance to currently used MoA.
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DIAMIDES
The search for a synthetic derivative of ryanodine proved daunting until the discovery of
the phthalic acid diamides by Nihon Nohyaku, jointly developed with Bayer, and the
anthranilic diamides by DuPont in the late 1990s (Cordova et al., 2006; EbbinghausKintscher et al., 2006; Lahm et al., 2005). Ryanodine receptor modulators were
commercialized for the first time in 2007 and led to the designation of a new MoA by the
Insecticide Resistance Action Committee (IRAC, Group 28). Multiple diamide
chemistries are in various stages of development and registration: flubendiamide, a
phthalic acid, and chlorantraniliprole, cyantraniliprole, cyclaniliprole, and tetraniliprole
are anthranilic diamides. Chlorantraniliprole and cyantraniliprole currently represent an
8% share of the insecticide market (Sparks & Nauen, 2015). These diamide insecticides
activate the RyR into an open state resulting in intracellular calcium efflux and, in turn,
potentiating muscle contraction leading to rapid feeding cessation, insect paralysis, and
death after 72 hours (Cordova et al., 2007; Lahm et al., 2009; Sattelle et al., 2008).
Chlorantraniliprole is currently available in multiple formulated products, and the
research described herein examined Coragen®, Altacor®, and Prevathon®. Coragen®
contains 18.4% of chlorantraniliprole active ingredient (A.I.). and is labeled for use on
over 100 vegetable crops as an in-furrow spray, hill drench, soil shank injection, drip
chemigation, or foliar spray. Altacor® contains 35% of chlorantraniliprole A.I. and
labeled for use on tree nuts, stone fruits, pome fruits, citrus, grapes and more than 115
other crops as a foliar spray. Prevathon® contains 5% of chlorantraniliprole A.I. and
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labeled for use primarily on vegetables, grains and grasses as a foliar spray. All
formulations of chlorantraniliprole offer protection against a broad range of lepidopteran
pests and a smaller number of coleopteran, dipteran, and hemipteran pests (Lahm et al.,
2007; Sattelle et al., 2008). These diamides have a favorable environmental profile in
addition to their high selectivity for insect RyRs versus those found in vertebrates.
Cordova et al. (2006) reported a 500-fold difference in the binding affinity of
radiolabeled diamine to insect RyRs compared to those of mammalian receptors and is
thought to result from structural differences between the receptors.

REPORTED EFFECTS OF CHLORANTRANILIPROLE
While chlorantraniliprole is reported to be highly efficacious against target pest insect
species, less is known about its effects on non-target species such as pollinating bees. A
study of chlorantraniliprole effects on individual honey bees found no mortality after oral
and contact exposure to the active ingredient and Coragen® and Altacor® formulations,
but sub-lethal effects of Coragen® exposure were observed although the honey bees
recovered after 48-72 h. This study also included a semi-field tunnel test using nucleus
honey bee colonies exposed to Coragen® at field-application rates and found that
numbers of foraging honey bees entering and exiting the hive as well as dead honey bee
numbers were not significantly different from the untreated control colonies over a ten
day period (Dinter et al., 2010). Gomes et al. (2020) also reported the oral and contact
exposure Coragen® to honey bees at the recommended field rate did not increase
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mortality and survival was similar to the untreated honey bees. Larson et al. (2013)
investigated field-realistic doses of chlorantraniliprole on weedy turf surrounding
Bombus impatiens colonies and found no reduction in the number of foraging bumble
bees returning to the hive, no increase in dead bees, and similar weight gain of the
chlorantraniliprole-treated bee colonies compared to untreated colonies. Larson et al.
(2014) also observed no adverse effects of chlorantraniliprole-treated turf to four
beneficial insect species, including Harpalus pennsylvanicus, an omnivorous ground
beetle, Tiphia vernalis, an ectoparasitoid of scarab grubs, Copidosoma bakeri, a
polyembryonic endoparasitoid of black cutworms, and Bombus impatiens, a native
bumble bee. Similarly, Gradish et al. (2010) observed B. impatiens micro-colonies fed
Altacor®-treated pollen had no differences in worker lifespan, pollen consumption, or
reproductive oviposition time. There are numerous studies that have demonstrated no
acute toxicity of chlorantraniliprole to honey bees. However, Wade et al. (2019) report
the toxicity of chlorantraniliprole to increase for honey bee larvae and adults when in
combination with the fungicide propiconazole due to cytochrome P450 monooxygenase
inhibition by the fungicide. Furthermore, Christen and Fent (2017) report the sub-lethal
effects of chlorantraniliprole oral exposure in honey bees to include the differential
expression of detoxification genes and immunity-related genes whereas Kadala et al.
(2019) observed a decrease in locomotion for honey bees receiving topical exposure to
chlorantraniliprole. Lastly, Smagghe et al. (2013) report the decreased number of
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Bombus terrestris drones in colonies orally exposed to the chlorantraniliprole formulation
Coragen® at 0.4 mg/L in pollen.
In non-bee beneficial insect species, the toxicity of chlorantraniliprole appears
dependent on species and route of exposure. Chlorantraniliprole was found to have no
adverse effects on population growth parameters, mortality, or survival of Bracon
hebetor, a parasitic wasp and bio-control agent of many lepidopteran species (Muslim et
al., 2018). Additionally, Biondi et al. (2012) and Martinou et al. (2014) found
chlorantraniliprole to not increase mortality or elicit the studied sub-lethal effects for
Orius laevigatus, an anthocrid predator, or Macrolophus pygmaeus, a mirid predator.
Ramos et al. (2018) report chlorantraniliprole to be the most suitable chemical addition
for IPM strategies compared to nine insecticides for the management of the parasitoid
wasp Copidosoma truncatellum. This recommendation was based on the lack of acute
toxicity and no difference for walking and resting rates compared to the untreated wasps.
Brugger et al. (2010) found that the oral and contact exposure of seven parasitic wasp
species to chlorantraniliprole did not significantly affect survival, parasitism, or
emergence. In contrast, the adults of predatory green lacewing Chrysoperla carnea
exposed to chlorantraniliprole-treated sunflower stems had reduced survival and
fecundity, and their resulting offspring had reduced survival (Gontijo et al., 2014). The
use of diamide insecticides such as chlorantraniliprole, for IPM requires a careful
consideration of effects on beneficial insect predator or parasitoid species.
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FALL ARMYWORM
The fall armyworm (FAW) is the larval form of the noctuid Spodoptera frugiperda (J.E.
Smith). FAW originated in tropical and sub-tropical portions of the western hemisphere,
with a traditional range spanning from the southern US to Argentina (Sparks, 1979).
FAW has increased distribution in recent years and is now found in the southern parts of
Canada, throughout Central and South America, thirty nations on the African continent,
India, China, and Australia (Goergen et al., 2016; Kalleshwaraswamy et al., 2018, Sun et
al. 2019). The adult moths are capable of flying over 100 km in one day, which increases
the future spread of this insect pest (Sarmento et al., 2002). The geographic spread of
FAW is of agronomic importance because the larvae are highly polyphagous, feeding on
over 80 host plants, including field and sweet corn, sorghum, cotton, peanut, fruits, and
forage grasses (Johnson, 1987; Sparks, 1979). FAW can cause considerable damage in
corn crops. Young larvae feed on corn leaf whorls, tassels, and ears causing damage to
the vegetative and reproductive states of the crop (Harrison, 1984). To avoid FAWinduced damage on corn, farmers initially relied on foliar insecticides, in addition to
some cultural controls such as crop rotation, planting and harvesting early, and planting
tolerant varieties to avoid increased larval presence during the growing season (Pitre,
1986). However, as the larvae mature, they move from the foliage into the whorl of the
corn and are protected from most foliar applications (Harrison, 1984). In addition to the
repeated and increased selection pressure of insecticidal chemistries, there are multiple
cases of insecticide resistance documented for FAW since the 1970’s. The majority of
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cases of resistance result from target site insensitivity to and metabolic detoxification of
pyrethroid, carbamate, and organophosphate insecticides. Enhanced metabolic
detoxification and reduced target-site sensitivity are responsible for resistance of FAW to
17 insecticidal MoA (Yu, 1992; Yu, 1991; Yu et al., 2003). Since the 1990s, foliar and
transgenic Bacillus thuringiensis (Bt) technologies have been consistent for managing
lepidopterous pests feeding in corn. The first commercial transgenic corn hybrid labeled
for use against FAW resulted in the world’s first case of field-reported Bt resistance
(Matten et al., 2008; Niu et al., 2013; Storer et al., 2010). Thus, additional chemical
interventions targeting novel MoA are required to mitigate the damage caused by FAW
and other crop pest insects. Development of highly selective chemistries with nonoverlapping target sites with traditional chemistries offers a two-fold advantage: more
sustainable management of insecticide resistance through addition of new compounds for
chemical rotation and protection of our beneficial pollinating bee species.

RESEARCH OVERVIEW AND OBJECTIVES
Pollinators provide vital ecosystem services to agricultural and natural landscapes. The
global declines of native bee populations and regional declines of honey bee colony
numbers threaten the pollinating potential of these beneficial insects. The wide-spread
usage of pesticidal compounds is one factor implicated in these declines. Diamide
insecticides such as chlorantraniliprole, now represent over 8% of the agrochemical
market and usage is increasing each year. Chlorantraniliprole is labeled for use on a
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number of crop species where bees are known to forage, representing an increasing
likelihood of exposure in these beneficial pollinators. The pollination services provided
to the agricultural sector, their tendency to forage on a broad range of plant species, and
the decline in managed colony numbers over recent decades warrants an experimental
examination on the effects that diamide insecticide exposures may have on honey bees.
The research presented herein evaluated the effects of oral chlorantraniliprole exposure
on physiological systems of the honey bee and, in turn, provides additional knowledge
with regards to the effects of chlorantraniliprole on bee pollinators.
The second chapter of this dissertation investigates the effects of
chlorantraniliprole technical grade and three formulated products on the mortality,
survival, and locomotor activity of honey bees. This work demonstrates that honey bees
tolerate and recover from short exposures to chlorantraniliprole, while the prolonged
exposure to the insecticide results in decreased survival and locomotion.
The third chapter describes the acute toxicity and metabolic detoxification
enzyme activities of honey bees and a model crop insect pest, the fall armyworm,
exposed to technical grade and three formulated products of chlorantraniliprole. The data
provides putative information for the detoxification enzymes that might be involved for
the metabolism of chlorantraniliprole in the honey bee and fall armyworm.
The fourth chapter describes the individual- and social-level immune responses to
pathogen infection in honey bees exposed to chlorantraniliprole. The honey bees were
exposed to chlorantraniliprole and, then, infected with a virus or bacterium followed by
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the measurement of phenoloxidase and glucose oxidase activities as indicators of
individual and social immune responses, respectively. The data provides putative
evidence for the alteration of immune response activities in honey bees infected with a
pathogen and exposed chlorantraniliprole.
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CHAPTER 2: COMPARATIVE EFFECTS OF TECHNICAL AND
FORMULATED CHLORANTRANILIPROLE TO SURVIVORSHIP AND
LOCOMOTOR ACTIVITY OF THE HONEY BEE, Apis mellifera (L.)

This chapter is published: Williams, J.R., Swale, D.R., Anderson, T. D. (2020). Comparative
effects of technical and formulated chlorantraniliprole to survivorship and locomotor activity
of the honey bee, Apis mellifera L. Pest Management Science. DOI: 10.1002/ps.5832. Used
with permission.

INTRODUCTION
Honey bees (Apis mellifera L.) are the most widely managed pollinator in the world due
to their amenability to manipulation within a hive and generalist foraging capabilities.
The value of crop plant species in the United States is enhanced approximately $15
billion a year through animal pollination and approximately 75% of that value comes
directly from pollination services provided by honey bees (Calderone, 2012; Klein et al.,
2007). While global numbers of managed colonies have risen since the 1950s, these
increases are observed primarily in developing areas of the globe and at a rate that is
unsustainable for the growing demand of pollination services (Aizen & Harder, 2009;
Potts et al., 2016). The regional loss of managed bee colonies and native pollinators due
to multiple, interacting stressors is a concern in the US and Europe (Goulson et al., 2015;
Williams & Osborne, 2009). Managed bee colonies are routinely exposed to both
apicultural and agricultural pesticides. While vital to the productivity of agriculture,
pesticide exposures are reported to be an important factor for the loss of managed bee
colonies by beekeepers (Seitz et al., 2015). Within bee hive matrices, beekeeper-applied
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acaricides used to manage Varroa mite infestations and multiple agricultural pesticides
are transported from field sources of food and water to the hive by foraging bees (Mullin
et al., 2010; Ostiguy et al., 2019; Sanchez-Bayo & Goka, 2014). The continuous
exposure of bees to apicultural and agricultural pesticides within and outside of the hive
has prompted investigation into the deleterious effects these chemical exposures may
have to individual bees and the colony (Boncristiani et al., 2012; Decourtye et al., 2005;
Henry et al., 2012; Johnson et al., 2009, 2013; Kakumanu et al., 2016; Locke et al., 2012;
O’Neal et al., 2017, 2018, 2019; Pettis et al., 2013; Reeves et al., 2018; Wade et al.,
2019; Wilson et al., 2019).
Ryanodine receptor modulating diamides are the most recently registered mode of
insecticidal action (Insecticide Resistance Action Committee (IRAC) class 28) that
represent 8% of the agrochemical market with increased usage each year (Sparks &
Nauen, 2015). The ryanodine receptor is a ligand-gated calcium channel found in the
endo- or sarcoplasmic reticulum of neuromuscular cells. Anthranilic diamides, such as
chlorantraniliprole, are effective against insect pests via ryanodine receptor activation
that leads to an uncontrolled release of cellular calcium. This rapid depletion of internal
calcium stores results in feeding cessation, uncontrolled muscle contraction, lethargy,
paralysis, and eventual death after approximately 48-72 h (Cordova et al., 2006; Lahm et
al., 2007; Sattelle et al., 2008). Chlorantraniliprole binding to the ryanodine receptor is
hypothesized to be selective toward a wide range of crop-chewing insect pests,
particularly lepidopteran species, compared to other insects, such as dipteran and
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hymenopteran species (Qi & Casida, 2013). This selective binding of chlorantraniliprole
on lepidopteran ryanodine receptors over other insect orders is reported to be due in part
to a I4790M difference in the Hymenoptera and in the transmembrane-spanning region of
the receptor reported to contain the diamide binding site (Nauen & Steinbach, 2016;
Troczka et al., 2015). Due to the decreased binding of chlorantraniliprole to the
ryanodine receptor of Hymenoptera, this diamide insecticide exhibits low toxicity to bees
and was granted reduced risk status by the United States Environmental Protection
Agency (US EPA) in 2007 at the time of registration. Currently, there are multiple
formulated products of chlorantraniliprole on the market registered for use in pome and
stone fruits, almonds, grains, cucurbits, fruiting and leafy vegetables, turf, and
ornamentals (Brugger et al., 2010). Chlorantraniliprole may be used as an aerial or foliar
spray, in furrow, or as a seed treatment. The muscular target of chlorantraniliprole, in
addition to the increasing likelihood of exposure to the insecticide, necessitates an
examination of sublethal endpoints in beneficial, pollinating insects. However, there are
relatively few studies that have investigated the sublethal effects of chlorantraniliprole
exposure to bees.
A 2010 study reported the acute toxicity and semi-field exposure effects to honey
bees following oral and contact exposure to the technical-grade and two formulated
products of chlorantraniliprole, 20SC and 35WG (Dinter et al., 2010). Bees exposed
orally or through contact application to the active ingredient or 20SC were observed to be
lethargic following exposure but recovered after 48 to 72 h (Dinter et al., 2010). Under
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semi-field conditions Dinter et al. (2010) also reported no significant differences in the
number of foraging bees entering and exiting the hive, flying in the field, or dead
individuals following exposure to a chlorantraniliprole formulation compared to
untreated bees. Another study on Bombus impatiens found no alteration in returning
forager numbers or mortality, and comparable weight gain between chlorantraniliprole
treated and untreated colonies in weedy turf (Larson et al., 2013). In addition, Larson et
al. (2014) observed no adverse effects of chlorantraniliprole treated turf to four beneficial
insects. Zhu et al. (2015) found the chlorantraniliprole formulation 5SC to be the least
toxic insecticide of 42 row crop pesticides sprayed on adult bees (Zhu et al., 2015).
While many studies do not report negative effects of chlorantraniliprole to pollinating
insects, Smagghe et al. (2013) found that a chronic exposure to the chlorantraniliprole
formulation 20SC in pollen suppressed the production of drone bumble bees and
increased lethargy in the worker population for the duration of the exposure (Smagghe et
al., 2013). Additionally, Kadala et al. found that bees topically exposed to technical
grade chlorantraniliprole experienced an initial decrease in locomotion, followed by an
apparent recovery the next day, and another marked decrease in motion seven days post
exposure (Kadala et al., 2019).
The aim of this study was to examine lethal and sublethal endpoints of honey bees
exposed to technical-grade and three formulated products of chlorantraniliprole.
Although chlorantraniliprole is not reported to be acutely toxic to bees, the increasing
agricultural, horticultural, and ornamental uses of products containing the insecticide
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increase the likelihood of exposure to beneficial, pollinating insects. The effects of
chlorantraniliprole exposure on locomotor activity may have downstream behavioral
deficits that compromise the ability of bees to complete essential hive tasks, including
nursing, building, guarding, flying, foraging, or pollinating activities. Here, we report the
acute toxicity, survivorship, and locomotor activities of bees exposed to technical-grade
and formulated chlorantraniliprole. Bees were orally exposed to chlorantraniliprole in the
laboratory for either 4 or 72 h to compare exposure lengths and ascertain the bee’s ability
to recover from an acute exposure to chlorantraniliprole.

MATERIALS AND METHODS
Insects
The European honey bee was used for all laboratory experiments. Unless otherwise
stated, adult bees (approximately 6-10 days old) were collected from the brood nest of
hives maintained by the Department of Entomology at the University of NebraskaLincoln (Lincoln, NE, USA) using standard beekeeping practices with no miticide
applications, antibiotic treatments, or supplemental pollen feeding in the months prior to
sampling. The bees were transported to the laboratory, placed into 10.16 cm x 7.62 cm x
7.62 cm acrylic glass cages with holes drilled in to provide ventilation, and maintained in
an environmental incubator at 30 °C with 60 - 80% relative humidity in the dark. The
bees were fed ad libitum with a 50% sucrose solution (w/v) overnight in microcentrifuge
tubes with holes drilled in them. If higher than 10% overnight mortality was observed for
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untreated bees, the collection and caging procedure was repeated with a new group of
bees. Technical-grade chlorantraniliprole was dissolved in DMSO and then diluted in a
50% sucrose solution to a final concentration of 150 mg L-1 (w/v; 2% DMSO final
concentration) whereas aliquots of the formulated products were taken directly from the
manufacturer’s container and diluted in a 50% sucrose solution (v/v). The exposure
concentration for each formulated product was based on conversion of the highest
recommended concentration of active concentrate per unit area (in gallons) on the
manufacturer’s label to mg L-1. Unless otherwise noted, experimental treatments
contained an untreated control (50% sucrose), solvent control (50% sucrose containing
2% DMSO v/v), 805 mg L-1 of chlorantraniliprole 5SC, 1,172 mg L-1 of
chlorantraniliprole 20SC, and 392 mg L-1 of chlorantraniliprole 35WG.
Chemicals
Technical grade chlorantraniliprole (5-bromo-N-[4-chloro-2-methyl-6(methylcarbamoyl)phenyl]-2-(3-chloropyridin-2-yl)pyrazole-3-carboxamide, 98.30%)
and malathion (diethyl 2-[(dimethoxyphosphorothioyl)sulfanyl]butanedioate, 99.24%)
was purchased from Chem Service Inc. (West Chester, PA), chlorantraniliprole 5SC
(Prevathon® 5SC, 5% A.I. or 52 g L-1), chlorantraniliprole 20SC (Coragen® 20SC, 18.4%
A.I. or 200 g L-1), and chlorantraniliprole 35WG (Altacor®, 35% A.I. or 350 g kg-1) were
provided in kind from DuPont (Wilmington, DE). Dimethyl sulfoxide (DMSO) was
purchased from Sigma-Aldrich (St. Louis, MO).
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Acute toxicity
The lethal concentrations of technical-grade and formulated chlorantraniliprole to bees
were estimated by oral administration in a 50% sucrose solution (w/v) as described
above. The chlorantraniliprole treatments consisted of six concentrations. Ten bees per
replicate, with three replicates, were used for each concentration and each experiment
was duplicated for a total of 60 bees per treatment. Bees were provided a 4 h treatment
of technical-grade or formulated chlorantraniliprole and, then, the chlorantraniliprole
treatments were replaced with an untreated sucrose solution after the 4 h period. Another
group of bees were provided a 72 h treatment of technical-grade or formulated
chlorantraniliprole and no replacement with untreated sucrose solution for the 72 h
period. Chlorantraniliprole is a slow acting insecticide compared to other modes of
action, such as the organophosphate malathion, and thus at each time point the bees were
observed and signs of toxicity or intoxication were noted.
Survival curves
The survivorship of bees was monitored for 30 d following a 4 and 72 h oral
administration of technical-grade and formulated chlorantraniliprole in a 50% sucrose
solution (w/v) as previously described. To collect age-matched emerging bees, frames
were taken from hives and transported to the laboratory where they were maintained in an
environmental chamber at 33° C with 60 - 70% relative humidity. The newly emerged
bees were collected and placed into 10.16 cm x 7.62 cm x 7.62 cm acrylic glass cages
with honey, pollen (Bee-Pro® Patties, Brushy Mountain Bee Farm, NC), and water
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provided ad libitum for 2 d and, then, the honey and water were replaced with either
technical-grade and formulated chlorantraniliprole in sucrose solution. The 4 h
treatments consisted of 6 cages with 30 bees per cage and the 72 h treatments consisted of
8 cages with 30 bees per cage. Following the 4 and 72 h periods, the technical-grade and
formulated chlorantraniliprole treatments were replaced with untreated sucrose solution.
The pollen was removed after 8 d and mortality was recorded each day for 30 d. Each
experiment was replicated three times for a total of 90 bees for chlorantraniliprole
treatments and 180 bees for untreated and solvent control treatments. The
organophosphate insecticide malathion was used as a toxic reference (40 mg L-1 in 2%
acetone (v/v)) to test the validity of the experiment up to 72 h.
Locomotor activity
The locomotor activity of bees was evaluated following a 4 and 72 h oral administration
of technical-grade and formulated chlorantraniliprole in a 50% sucrose solution (w/v).
The treatments consisted of 6 cages with 30 bees per cage and each experiment was
replicated three times. The locomotor activity was measured as the total distance traveled
by the bees using a modified video-tracking protocol described by Larson and Anderson
(2017). Following the 4 and 72 h treatments, 60 bees were randomly selected and
transferred to 10 cm diameter polystyrene Petri dishes (i.e., 1 bee per dish). A Basler
acA-1300-60gm camera and EthoVision XT video recording software was used to record
the total distance traveled by the bees in the Petri dishes (Noldus Information Technology
Inc. Leesburg, VA). A light box was used to illuminate the assay arena with LED light
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(Armacost Lighting, Baltimore, MD) set to the red spectrum in order to avoid light bias
of the bees. The light box and camera system were covered with a black plastic sheet to
eliminate ambient light. The dishes were positioned on top of a light box in a 4 x 3 grid
pattern. The walking distance of the bees was recorded for 15 min intervals. The bees
were differentiated from their background in the software program using dynamic
subtraction of the pixels delineating the subject from the background. The software
scanned each arena 25 times per second to determine the positions of the bees
simultaneously as time-series coordinates (x, y) within each arena. These coordinates
were translated into actual distances by calibrating the program to the physical
dimensions of the Petri dish arena. A total of 20 bees per replicate (n = 60 per treatment)
were recorded for each time point and treatment to determine changes in locomotion
activity and total walking distance (cm).
Statistical analysis
All statistical analyses and calculations were conducted using GraphPad Prism 8
(GraphPad Software, San Diego, CA). Survivorship was reported using Kaplan-Meier
survival curves, displaying mean values ± standard error, with significant differences
between the survival curves determined by the log-rank (Mantel-Cox) test. For
locomotion assays, walking distances in bees exposed to technical-grade and formulated
chlorantraniliprole were compared to their relative control (solvent and untreated control,
respectively) for each time point. The data were analyzed with a two-way analysis of
variance with post hoc Sidak’s multiple comparison test (P < 0.05) to determine
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differences between solvent control and technical-grade chlorantraniliprole treatments, or
a two-way analysis of variance with post hoc Dunnett’s multiple comparison test (P <
0.05) to determine differences between the untreated controls and formulated
chlorantraniliprole treatments.

RESULTS
Acute toxicity
There was < 20% mortality observed for bees provided a continuous treatment of
chlorantraniliprole 5SC (2.17 ±1.17 bees per cage, 13/60 bees total), whereas no
mortality was observed for bees provided the other treatments. However, after 24 h,
uncoordinated movement, lethargy, and trembling was observed in bees provided the
highest treatments of technical-grade and formulated chlorantraniliprole for 4 h. These
intoxication symptoms subsided by 48 h. The bees provided technical-grade and
formulated chlorantraniliprole for 72 h displayed the same symptomologies after 24 h
treatment, with these symptoms continuing for the duration of the experiment. A LC50
was not estimated for technical-grade chlorantraniliprole or the tested formulations at the
label concentration due to the low mortality observed.
Survival curves
The survivorship of bees treated with technical-grade (150 mg L-1) and formulated
chlorantraniliprole (5SC: 805 mg L-1, 20SC: 1172 mg L-1, 35WG: 392 mg L-1) for 4 h
(Fig. 1 A-B) or 72 h (Fig. 1 C-D) was monitored for 30 d. There were no significant
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differences observed for bees provided technical-grade or formulated chlorantraniliprole
for 4 h compared to the solvent-treated and untreated bees (Fig. 1 A-B, P = 0.18, P =
0.14). However, the 72 h treatment of technical-grade chlorantraniliprole significantly
decreased the survivorship of bees compared to the solvent treatment (Fig. 1 C, P =
0.0008). Similarly, there was a significant reduction in survivorship for bees provided
the 72 h treatment of two formulated chlorantraniliprole products when compared to the
untreated bees (Fig. 1 D, 5SC: P < 0.0001; 20SC: P = 0.0112) The survivorship of bees
treated with one formulated product of chlorantraniliprole for 72 h was not significantly
altered over the 30 d period (35WG: P = 0.98). All bees provided a toxic reference
(malathion, 40 mg L-1) were deceased by d 8 of the study.
Locomotor activity
The walking distance of bees treated with technical-grade (150 mg L-1) and formulated
chlorantraniliprole (5SC: 805 mg L-1, 20SC: 1172 mg L-1, 35WG: 392 mg L-1) for 4 h or
72 h was monitored at 24, 48, and 72 h. The walking distances of bees provided 4 h
treatments of technical-grade and formulated chlorantraniliprole are shown in Fig. 2 A-B.
At 48 h and 72 h, the walking distance of bees provided technical-grade
chlorantraniliprole was significantly reduced compared to solvent control bees (48 h: 58.63% (percent change relative to control), P < 0.0001; 72 h: - 82.33%; P < 0.0001)
(Fig. 2A). Although, the walking distances of bees provided formulated
chlorantraniliprole for 4 h were not significantly decreased compared to those of the
untreated bees, with the exception of the bees provided 35WG, which traveled less
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distance than the untreated bees after 24 h (-17.83%, P = 0.0481) (Fig. 2 B). The walking
distances of bees provided technical-grade and formulated chlorantraniliprole for 72 h are
shown in Fig. 2 C-D. At 24 h, the walking distance of bees provided technical-grade
chlorantraniliprole was significantly reduced compared to untreated bees (-38.84%, P =
0.0002) (Fig. 2 C). However, the walking distances of bees provided 5SC, 20SC, and
35WG for 72 h were significantly decreased compared to those of the untreated bees (24
h treatments: 5SC: -52.38%, P < 0.0001; 20SC: -57.03%, P < 0.0001; 35WG: -50.19%, P
< 0.0001. 48 h treatments: 5SC: -51.56%, P < 0.0001; 20SC: -36.80%, P < 0.0001;
35WG: -33.45%, P < 0.0001. 72 h treatments: 5SC: -19.75%, P = 0.0119; 20SC: 35.77%, P < 0.0001; 35WG: -30.77%, P < 0.0001) (Fig. 2 D).

DISCUSSION
Agricultural, horticultural, and ornamental usage of chlorantraniliprole increases each
year and the formulated products are labeled for usage on several flowering plants and
crops that are known to be visited by bees (Sparks & Nauen, 2015). The frequent
exposure to agrochemicals warrants investigation into sublethal effects that active
ingredients and formulated products may have on honey bees. This study aimed to bridge
current knowledge gaps regarding the effects of chlorantraniliprole exposure on honey
bees. Due to the reduced binding activity of chlorantraniliprole to the ryanodine receptor
in bees (Qi & Casida, 2013), we hypothesized the insecticide to have low acute toxicity
and no effects on locomotor activity with treated individuals.
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Here, we provided bees with a continuous, oral treatment of technical grade and
formulated products of chlorantraniliprole for 4 h and 72 h and, then, monitored
survivorship (< 30 d post treatment) and locomotor activity (< 3 d post treatment). After
the 72 h period, we observed 20% mortality (2.17 ± 1.17 dead bee per cage, 13/60 bees
total) for bees treated with chlorantraniliprole 5SC whereas no other treatment or
exposure period of chlorantraniliprole was found to be lethal to the bees. However, those
bees provided with each chlorantraniliprole treatment for 72 h showed signs of
intoxication and lethargy after 1 d, with a continuation of these symptomologies for the
duration of the experiment. These data parallel previous evidence for the low toxicity of
chlorantraniliprole to bees as well as previous studies that observed no increased
mortality of bees exposed to technical grade or formulated product of chlorantraniliprole
(Dinter et al., 2010; Larson et al., 2013; Zhu et al., 2015). Although, Dinter et al. (2010)
did observe lethargic bees following exposure to technical grade and formulated product
of chlorantraniliprole. The daily mortality of bees exposed to chlorantraniliprole
technical or formulated product was recorded for 30 d after the 4 or 72 h exposure
periods. Those bees treated with chlorantraniliprole technical or formulated product for 4
h did not experience significantly different survival curves but the survival curves of bees
exposed to technical grade chlorantraniliprole and two of three formulated products (5SC
and 20SC) experienced significantly decreased survival compared to untreated controls
after a 72 h exposure. Lastly, we provided bees with a continuous, oral treatment of
technical grade and formulated products of chlorantraniliprole for 4 h and 72 h and, then,
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monitored locomotor activity (i.e., walking distance). After the 4 h treatment, we
observed a reduction in walking distance for bees treated with the formulated product
35WG after 24 h. However, there were no significant differences between the treated and
untreated bees after the 48 and 72 h periods. These data suggest that the bees are able to
recover locomotor activity following short-term exposure to chlorantraniliprole. A
similar study treated bees with a sub-lethal dose of chlorantraniliprole and observed a
decrease in distance traveled and mobility after 6 and 24 h of treatment (Kadala et al.,
2019). The bees in that study recovered their mobility after 48 h similar to that of the
untreated bees, but lost mobility 7 d later. However, we observed a reduction in distance
travelled for bees treated with chlorantraniliprole for 72 h compared to the untreated bees,
with no recovery of their mobility. The lethargic behavior and decreased walking
distance of the bees is presumed to be due to the high concentrations and exposure
periods of chlorantraniliprole used for this study. It is hypothesized that these
concentrations of chlorantraniliprole may prolong the activation of the ryanodine receptor
and, in turn, affect the walking distance of the bees, although the effects might be
reversed for individuals exposed to the insecticide for short periods of time.
It is important to note that the bees were treated with nominal concentrations of
technical grade or formulated product of chlorantraniliprole and the consumption of
sucrose solution treated with each product was not recorded, which is a limitation of this
study. Additionally, it is an inherent challenge to correlate pesticide-induced effects for
laboratory-treated individuals to those outcomes that might adversely affect the colony
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(Sponsler et al., 2019; Sponsler & Johnson, 2018). This is due to the fact that insecticidal
action in bees is a function of the physical properties of the chemistry, its application and
environmental fate, and the foraging behaviors of bees that expose them to the insecticide
(Kopit & Pitts-Singer, 2018; Sponsler & Johnson, 2018). It is unlikely that bees would
be exposed to the highest label recommended concentration of an insecticide in the field
due to a number of factors including formulation type, method of application, drift, and
environmental degradation (Duke, 2017). Additionally, honey bee-specific behaviors
such as trophallaxis, wherein food resources are shared among nestmates, ensures that
while additional individuals receive contaminated pollen or nectar, the dose reaching
each individual is continuously diluted in the process (Sponsler & Johnson, 2018). The
prolonged and decreased locomotor activity observed with the chlorantraniliprole-treated
bees for this study may be the result of the high exposure concentrations. Additionally,
the 72 h continuous exposure to one food source treated with an insecticide is not a
common scenario for natural bee colonies and, thus, we chose a short- (4 h) and longterm (72 h) exposure period for this study. The concentrations and long exposure period
used in this study represent a worst-case scenario unlikely to be experienced by bees in
the field.
The low solvent solubility of chlorantraniliprole presented another challenge to
this study and, in turn, affected the survivorship and locomotor activity of bees treated
with the technical-grade chlorantraniliprole and solvent alone after a continuous 72 h
exposure. The bees were treated with technical-grade chlorantraniliprole that was
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dissolved in DMSO which was then diluted in 50% sucrose solution, resulting in a final
solvent concentration of 2%. While bees exposed to chlorantraniliprole technical or
solvent control for 4 h survived over 30 d at a rate similar to untreated controls, the same
could not be said for bees exposed for 72 h. This long exposure resulted in differential
survival curves for both solvent control- and A.I.- treated bees compared to untreated
bees. Additionally, solvent control- and A.I.- treated bees moved significantly slower
than untreated control bees in the locomotion trials. For these reasons, the data herein are
presented separately as active ingredient with related solvent control and formulated
products with untreated control for each exposure scenario. In this study a 4 h exposure
to solvent control and active ingredient resulted in significantly decreased movement in
active ingredient-treated bees at 48 and 72 h compared to solvent control, whereas bees
treated with active or solvent continuously for 72 h experienced parallel decreased
movement at 24, 48, and 72 h, with significant differences between active and solvent
visible only at 24 h. The effects of DMSO on survivability and locomotion of bees,
especially those bees exposed continuously for 72 h led to unfortunate difficulty in
differentiating between true effects of the A.I. on bees and aforementioned solvent
effects. In other studies, DMSO has shown to have colony-level effects on bees such as
increased mortality of workers and decreased eclosion of adult bees in colonies treated
with DMSO-laced sucrose solution (Milchreit et al., 2016), and increased sterility of
queen bees reared from spermatozoa stored in DMSO (Harbo, 1986). Future work with
chlorantraniliprole active should be carried out using another solvent such as acetone or a
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lower concentration of DMSO, although that means the concentration of active ingredient
will not be as high as utilized in this study.
Overall, this study sought to determine effects of oral exposure to
chlorantraniliprole active and formulated products to the survivability and locomotion of
honey bees in the laboratory using a short (4 h) or long (72 h) exposure period. We
found that chlorantraniliprole active and three formulated products were not acutely toxic
to bees when exposed orally for 72 h. Next, survival in newly emerged bees was
measured over 30 d after either exposure period and we found that the short exposure of
bees to any chlorantraniliprole treatment did not affect their survival relative to controls
whereas the long exposure resulted in decreased survival of bees treated with 5SC and
20SC compared to untreated controls and active ingredient relative to solvent controls.
Lastly, the distance moved by bees in a Petri dish arena at 24, 48, and 72 h after initial
exposure was recorded. Bees treated with a short exposure to active ingredient had
significantly decreased locomotion at 48 and 72 h compared to the solvent control, likely
due in part to solvent effects, and bees treated with 35WG moved significantly less at 24
h than untreated control but recovered at 48 and 72 h. Bees treated with a longer
exposure to active ingredient had significantly decreased movement at 24 h but distance
traveled decreased similarly in active ingredient and solvent control bees at 48 and 72 h;
bees treated with all three chlorantraniliprole formulations 5SC, 20SC, and 35WG had
consistently decreased locomotion compared to untreated controls over all time points.
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Future experiments are needed to confirm the reduced locomotor activities
observed with laboratory-treated bees to those effects that might result from a field
colony being exposed to chlorantraniliprole. These experiments would require exposure
of semi- or full-field colonies to chlorantraniliprole active and formulated products
through multiple routes of exposure (feeding or spraying) aimed at quantifying
differences in locomotor activities resulting in behavioral deficits that might compromise
the productivity, health, and fitness of the colony. These additional locomotor activity
endpoints may include flight, navigation, learning, grooming, dancing, or other behaviors
that are essential for maintaining a healthy, productive colony. For example, multiple
studies have reported neonicotinoid insecticides such as imidacloprid and thiamethoxam
affect the movement, foraging, learning capability, sucrose responsiveness, and grooming
behavior of bees (Aliouane et al., 2009; Decourtye et al., 2005; Schneider et al., 2012;
Wu-Smart & Spivak, 2016; Yang et al., 2008). Moreover, de Mattos et al. (2017)
observed a reduction in grooming behavior for bees exposed to the acaricide coumaphos.
The data gathered from semi- and full-field experiments examining the locomotor
activities of chlorantraniliprole-exposed bees may elucidate the downstream effects of
this neuromuscular insecticide on foraging and hygienic behaviors linked to the
productivity and sustainability of healthy bee colonies. The value added by bee
pollination to agriculture, the increasing use of diamide insecticides across agricultural
and non-agricultural landscapes, and the unique mode of action of these insecticides
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necessitates investigation into the potential sublethal effects that exposure may have on
the overall productivity, health, and fitness of these pollinators.
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Figure 1. Percent survivorship of honey bees treated with technical-grade and
formulated chlorantraniliprole for 4 h and 72 h. The data are presented as Kaplan-Meier
survivorship curves with time points representing the mean ± standard deviation of
solvent (SOL) or untreated control (UTC) (n = 180) and treated with technical-grade and
formulated chlorantraniliprole (CHLT; 5SC, 20SC, 35 WG) (n = 90). Malathion was
used as a toxic reference. Significant differences between the chlorantraniliprole survival
curves and their relative controls determined by the log-rank (Mantel-Cox) test and
designated with an asterisk.
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Figure 2. Walking distance of honey bees treated with technical-grade and formulated
chlorantraniliprole for 4 h and 72 h. The data are presented as the mean ± standard
deviation of solvent (SOL) or untreated control (UTC) and treated with technical-grade
and formulated chlorantraniliprole (CHLT; 5SC, 20SC, 35 WG) (n = 60). Asterisks
above the bars indicates the treatment mean is significantly different from the SOL or
UTC using two-way ANOVA with Sidak’s (technical grade CHLT vs. SOL) or Dunnett’s
(formulated CHLT vs UTC) multiple comparison tests (P < 0.05).
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CHAPTER 3: METABOLIC DETOXIFICATION ENZYME ACTIVITIES OF
HONEY BEES (Apis mellifera L.) AND FALL ARMYWORM (Spodoptera
frugiperda J. E. Smith) RECEIVING AN ORAL EXPOSURE OF
CHLORANTRANILIPROLE

INTRODUCTION
The honey bee is a cosmopolitan species known for its ability to efficiently pollinate
multiple plant species in addition to producing honey and hive products. It is the most
economically important pollinating species due to the large number of working
individuals in a colony (in the tens of thousands), perennial ecology, generalist foraging
activity, and ease of manipulation and movement to multiple locations for pollination
services (Klein et al., 2007; Seeley, 1989; vanEngelsdorp & Meixner, 2010). Managed
bee colonies reproduce naturally through swarming and beekeepers manipulate this
natural behavior to increase colony numbers or replace lost hives. Recorded colony
numbers have increased approximately 45% over the past five decades globally, but at a
slower rate than the increased demand for pollination services to support food and fiber
needs (Aizen & Harder, 2009). Recent decades have seen an unprecedented loss of
managed colonies each year in the United States. There are numerous interacting factors,
including habitat fragmentation, pathogens, parasite and pest loads, and pesticide
exposure, among others, that have been implicated in the decline of pollinating bees
(Goulson et al., 2015; Sanchez-Bayo & Goka, 2014; Smith et al., 2013; Williams &
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Osborne, 2009). Pesticide exposures have been linked to a number of deleterious effects
in bees including, but not limited to, reduced macromolecule and development (Reeves et
al., 2018), deficient locomotor activity (Kadala et al., 2019) (Williams et al., 2020),
impaired cardiac function (O’Neal, et al., 2017), decreased immunity and viral tolerance
(Alaux et al., 2010; O’Neal et al., 2017, 2018, 2019;), increased pathogen load
(Boncristiani et al., 2012; Pettis et al., 2012), and decreased foraging success, learning,
and memory (Decourtye et al., 2005; Decourtye et al., 2004; Decourtye, et al., 2004;
Henry et al., 2012).
The fall armyworm (FAW) is the larval form of Spodoptera frugiperda, known to
feed on over 80 species of plants, primarily corn, and as a sporadic pest of cotton,
soybean, and several other grasses. The FAW is widely distributed across eastern and
central North America, Central and South America, and was introduced to Africa for the
first time in 2016 (Goergen et al., 2016; Luginbill, 1928; Sparks, 1979). It is now present
in over 30 nations in Africa as well as India, China, and Australia as of 2020 (Sun et al.
2019). In the southern United States, the FAW is a damaging pest of corn. To avoid
crop damage from FAW, farmers have repeatedly applied foliar insecticides to crops or
plant early to avoid increased larval presence during the growing season. These
insecticides have corresponding disadvantages, including increased resistance selection
pressure and off-target effects of broad-spectrum insecticides. There are numerous cases
of insecticide resistance documented for field populations of FAW since the 1970s,
including target site insensitivity to and metabolic detoxification of pyrethroid,
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carbamate, and organophosphate insecticides. For example, Yu (1991, 1992) and Yu et
al. (2003) have reported enhanced metabolic detoxification and reduced target-site
sensitivity in FAW exposed to multiple modes of action. Additionally, there are reports
of FAW with decreased sensitivity to Bacillus thuringiensis (Bt) technologies (i.e., foliar
sprays and transgenics) and, in turn, resulting in the world’s first field-reported cases of
Bt resistance for a crop pest (Matten et al., 2008; Niu et al., 2013; Storer et al., 2010).
Approximately 95% of current insecticide chemistries target five biological
processes within insects, the majority of target sites found within the insect central
nervous system. These processes include acetylcholine and γ-aminobutyric acid (GABA)
neurotransmission, sodium channel gating, mitochondrial respiration, or chitin synthesis
(Cordova et al., 2006). These five biological targets comprise the majority of commercial
insecticide modes of action, and the overlap of target sites utilized by these modes of
action have increased selection pressure on insects and, in turn, increased incidence of
insecticide resistance and cross-resistance (Hardy, 2014). Diamide insecticides were first
registered for use in the United States in 2007. Anthranilic diamides, such as
chlorantraniliprole, work via the activation of the ryanodine receptor in insects, causing
an efflux of intracellular calcium in muscle cells and rapid feeding cessation, lethargy,
and eventual death (Lahm et al., 2007; Sattelle et al., 2008). Chlorantraniliprole binding
is hypothesized to be more selective to pest insect orders (i.e. Lepidoptera) than
beneficial orders (i.e. Hymenoptera) due in part to an amino acid substitution at the
membrane-spanning portion of the receptor near the binding site (Qi et al., 2014; Qi &
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Casida, 2013; Troczka et al., 2015). This differential binding is thought in part to explain
the low acute toxicity observed in bees exposed to chlorantraniliprole (Dinter et al., 2010;
Larson et al., 2013, 2014; Williams et al., 2020). The enhanced metabolic detoxification
activity of honey bees exposed to chlorantraniliprole might provide another explanation
for their decreased sensitivity compared to crop pests.
The honey bee genome has significantly fewer protein-encoding genes related to
detoxification than other holometabolous insect groups (Claudianos et al., 2006).
Insecticide detoxification occurs when these metabolic enzymes work to alter insecticide
chemistries from lipophilic states to more hydrophilic metabolites. Cytochrome P450
monooxygenases (P450) are primary Phase I metabolic detoxification proteins that
increase the hydrophilicity of insecticides via functional group modification of the
molecule (Feyereisen, 2012) whereas esterases (EST), also participating in Phase I
metabolic detoxification, hydrolyze the ester bonds of an insecticide(s) reducing it to
acid and alcohol products (Oakeshott et al., 2003, 2005). Glutathione S-transferases
(GST) are primary Phase II detoxification proteins that directly bind to the xenobiotic or
facilitate the conjugation of the Phase I products to glutathione for enhanced excretion of
the product from the insect (Enayati et al., 2005; Ketterman et al., 2011). P450 enzymes,
particularly the CYP3 family, has been shown to be involved in the metabolism of the
beekeeper-applied acaricides coumaphos (an organophosphate) and tau-fluvalinate (a
pyrethroid), and serves as a mechanism of tolerance for pyrethroid and neonicotinoid
exposure in bees (Iwasa et al., 2004; Johnson et al., 2006; Manjon et al., 2018; Mao et al.,
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2011). The EST activities were increased by exposure of bees to organophosphate,
neonicotinoid, pyrethroid, phenylpyrazole, and spinosyn pesticides (Carvalho et al.,
2013), and gene expression studies have provided evidence of EST involvement in the
detoxification of organophosphate chemistries (Mao et al., 2013; Schmehl et al., 2014).
The enhanced metabolic detoxification of and target site insensitivity to
insecticides are known as mechanisms insecticide resistance and tolerance in pest insects.
Field-collected insects exhibit resistance to all major insecticide classes including
organophosphate, carbamate, pyrethroid, and neonicotinoid (Hemingway et al., 2004;
Hemingway & Ranson, 2000; Nauen & Denholm, 2005). Target site insensitivity is
responsible for resistance of various pest species to organophosphate, carbamate,
pyrethroid, and cyclodiene compounds (Ffrench‐Constant & Rocheleau, 1993;
Martinez‐Torres et al., 1999; Miyazaki et al., 1996; Williamson et al., 1996). The
enhanced metabolic detoxification is responsible for many cases of insecticide resistance,
particularly enhanced P450 and EST activities (Bergé et al., 1998; Hotelier et al., 2010;
Li et al., 2007; Liu et al., 2015; Montella et al., 2012; Nauen, 2007; Zhu et al., 2008; Zhu
et al., 2008; Zhu & Liu, 2008). Since its introduction to the agrochemical market, there
have been multiple reports of chlorantraniliprole resistance in field-collected and
laboratory-selected insects due to the increased use and resulting selection pressure for
resistance (Nauen & Steinbach, 2016; Roditakis et al., 2015; Teixeira & Andaloro, 2013).
Two target site mutations in the ryanodine receptor (G4946E or G4946V and I4790M)
appear to be a source of some cases of lepidopteran resistance (Douris et al., 2017; Guo et
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al., 2014; Roditakis et al., 2017; Steinbach et al., 2015; Troczka et al., 2012; Troczka et
al., 2015). It is hypothesized that P450, EST, and GST may be involved in the metabolic
detoxification of chlorantraniliprole in pest insect species (Cao et al., 2017; Liu et al.,
2015), due to multiple reports of a significant increase of P450 (Liu et al., 2015; Sun et
al., 2018; Wang et al., 2018; Xing et al., 2011; Xu et al., 2019) activities in
chlorantraniliprole-resistant strains of lepidoptera compared to susceptible strains.
Although information exists regarding metabolic enzyme activities after
chlorantraniliprole exposure in pest insect species, there are no publicly available studies
which investigate the use of these three metabolic enzyme groups in bees.
The efficacy of chlorantraniliprole against lepidopteran pests, such as FAW, is
well documented, and this insecticide is not reported to be acutely toxic to
hymenopterans. However, the metabolic detoxification of chlorantraniliprole, or its
formulated products, in honey bees remains undocumented. The increasing agricultural,
horticultural, and ornamental uses of products containing chlorantraniliprole increase the
likelihood of exposure to these beneficial, pollinating insects and, thus, warrant an
examination of the lethal endpoints and metabolic detoxification enzyme activities of
honey bees, as compared to FAW. Here, we report the acute toxicity of technical-grade
and formulated chlorantraniliprole products to honey bees and fall armyworms as well as
their detoxification enzyme activities. These data provided not only provide the
detoxification enzyme activities of a beneficial and pest insect treated with
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chlorantraniliprole, but also insight for the observed insensitivity of honey bees exposed
to the insecticide.

MATERIALS & METHODS
Insects
The European honey bee (Apis mellifera L.) was used for all laboratory experiments as
described by Williams et al. (2020). Unless otherwise stated, adult bees were collected
from the brood nest of hives maintained by the Department of Entomology at the
University of Nebraska-Lincoln (Lincoln, NE USA) using standard beekeeping practices
with no miticide applications, antibiotic treatments, or supplemental pollen feeding in the
months prior to sampling. The bees were transported to the laboratory, placed into
experimental cups with mesh tops, and maintained in an environmental incubator at 30
°C with 60 - 80% relative humidity in the dark. The bees were fed ad libitum with a 50%
sucrose solution (w/v) overnight. If higher than 10% overnight mortality was observed
for untreated bees, the collection and caging procedure was repeated with a new group of
bees. Third instar larvae were maintained on meridic diet (General Lepidoptera Diet,
#F9772, Frontier Scientific) in 28- well trays to limit cannibalism between subjects.
Larvae were maintained in an environmental incubator at 27°C, 65-80% RH, and 14:10
L:D photoperiod. Experiments proceeded with both sets of subjects if less than 10%
mortality was observed overnight.
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Chemicals
Technical grade chlorantraniliprole, 5-bromo-N-[4-chloro-2-methyl-6(methylcarbamoyl)phenyl]-2-(3-chloropyridin-2-yl)pyrazole-3-carboxamide, was
purchased from Chem Service Inc. (West Chester, PA), chlorantraniliprole 52 g L-1 SC
(Prevathon® 5SC, 5% active ingredient (A.I.)), chlorantraniliprole 200 g L-1 SC
(Coragen® 20SC, 18.4% A.I.), and chlorantraniliprole 350 g kg WG (Altacor®, 35%
A.I.) were obtained from DuPont (Wilmington, DE). Bovine serum albumin, dimethyl
sulfoxide (DMSO), 1-chloro-2,4- dinitrobenzene (CDNB), sodium docecyl sulfate, Fast
Blue salt, α- and β- naphthol, α- and β- naphthyl acetate, oxidized and reduced
glutathione, glutathione reductase, β-nicotinamide adenine dinucleotide phosphate
(NADPH), and 7-ethoxycoumarin (7-EC) were purchased from Sigma-Aldrich (St. Louis,
MO). Acetone, acetonitrile, and tris base were purchased from Fisher Scientific
(Hampton, NH). Sodium phosphate monobasic and dibasic were purchased from VWR
(Radnor, PA). Microsome isolation kit was purchased from AbCam (Cambridge, MA).
Fall armyworm acute toxicity assays
The lethal concentrations of three chlorantraniliprole formulations were estimated by oral
administration in treated lepidopteran diet. The lepidopteran diet (#F9772) was prepared
according to manufacturer’s instructions (Frontier Scientific, Newark, DE). The
chlorantraniliprole formulations were diluted 25-fold from the manufacturer’s container
to provide six concentrations. The initial chlorantraniliprole concentration from each of
the formulated products was 1/10th of the maximum recommended application
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concentration described on the product label. Each formulated product concentrate was
mixed into the lepidopteran diet and added to the individual wells of a 28-well plastic
tray (each well 2.5 cm x 2.5 cm x 2.5 cm) at a volume of 3 mL per well. A
chlorantraniliprole-untreated diet was prepared and added to the individual well of
another 28-well plastic tray to serve as a control group. One third-instar larva was added
to each of the chlorantraniliprole-treated or -untreated diet for 72 h and mortality was
recorded as those individuals that did not respond to tactile stimulation with a paint brush
or right themselves when flipped on their dorsal side. A total of 14 larvae were used for
each chlorantraniliprole-treated and -untreated diet concentration and each experiment
was conducted in triplicate for a total of 42 larvae per concentration.
Honey bee acute toxicity assays
The lethal concentrations of technical-grade and formulated chlorantraniliprole were
estimated based on the methods of Williams et al. (2020). Bees were exposed by oral
administration in a 50% sucrose solution (w/v). The technical-grade chlorantraniliprole
was dissolved in DMSO and then diluted in a 50% sucrose solution to a final
concentration of 150 mg L-1 (w/v; 2% DMSO final concentration) whereas aliquots of the
formulated products were taken directly from the manufacturer’s container and diluted in
a 50% sucrose solution (v/v). The exposure concentration for each formulated product
was based on the highest recommended concentration as described on the manufacturer’s
label. The maximum concentrations were 805 mg L-1 of chlorantraniliprole 5SC, 1,172
mg L-1 of chlorantraniliprole 20SC, and 392 mg L-1 of chlorantraniliprole 35WG in the
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sucrose solution. The chlorantraniliprole treatments consisted of six concentrations. Ten
bees per replicate, with three replicates, were used for each concentration and each
experiment was duplicated. The bees were provided a 4 h treatment of technical-grade or
formulated chlorantraniliprole and, then, the chlorantraniliprole treatments were replaced
with an untreated sucrose solution after the 4 h period. Another group of bees were
provided a 72 h treatment of technical-grade or formulated chlorantraniliprole and no
replacement with untreated sucrose solution for the 72 h period. All observations were
conducted for 24, 48, and 72 h.
Detoxification enzyme activity assays
The cytochrome P450 monooxygenase (P450), general esterase (EST), and glutathione Stransferase (GST) activities were determined for honey bees and fall armyworms
receiving oral administration of formulated chlorantraniliprole at the top recommended
field application concentration (for honey bees) or the LC25 concentrations (for fall
armyworms). Chlorantraniliprole exposures for each species were carried out as
described above. Each treatment was replicated in triplicate. Five honey bee abdomens
and two fall armyworms were randomly selected and pooled after a 24, 48, and 72 h
exposure period for cytochrome P450 monooxygenase activity and microsomal protein
assays. The abdomens of honey bees, with venom sac removed, were used for the P450
activity assays whereas whole bodies were used for fall armyworms. Five honey bees or
fall armyworms, with three replicates, were randomly selected from each concentration
after a 24, 48, and 72 h exposure period for EST and GST activity as well as whole body
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protein assays. The head and thorax of honey bees were used for the EST, GST, and total
protein assays whereas whole bodies were used for fall armyworms. All samples were
homogenized in 1 ml 0.1 M sodium phosphate (pH 7.8) containing 0.3% Triton X-100.
The homogenates were centrifuged at 10,000 x g for 15 min at 4 °C and, then, the
supernatants were used for determining enzyme activities and total protein content.
Cytochrome P450 monooxygenase activity
The P450 activity of bees was measured according to the method described by Anderson
and Zhu (2004) with some modifications. Microsomes were isolated from bee and
armyworm samples using a microsomal isolation kit (Abcam, Cambridge, MA).
Microsome tissue samples were prepared by dissection of bee abdomens, removal of the
venom gland and sting complexes, and pooling of five abdomens to create one sample
used as the enzyme source. Microsome samples from armyworms were prepared using
two third instar larvae. The P450-mediated deethylation of 7-ethoxycoumarin to the
product 7-hydroxycoumarin was measured using a microplate fluorescence reader at 480
nm while exciting at 390 nm.
General esterase activity
The general Est activity of insects was measured according to the method described by
Jin-Clark et al. (2008) with some modifications. An α-naphthol standard curve was
prepared beforehand and α-naphthyl acetate (α-NA) was utilized as substrate in the assay.
Fifteen (15) uL insect homogenate was added to 135 uL of 0.3 mM α-NA solution in
each well followed by incubation of the plate for 30 min at 37 C. Fifty (50) uL of Fast
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Blue-SDS solution was added to each well and coloration developed for 15 min at RT.
The hydrolysis of α-NA by insect homogenate to the product α-naphthol was measured
using a microplate absorbance reader at 560 nm.
Glutathione S-transferase activity
Glutathione S-transferase (GST) activities of honey bees and fall armyworms was
determined according to a modified method of Yu (1982, 1984) using CDNB as the
substrate. Aliquots of 20 μL of homogenized honey bee or fall armyworm was added to
each well of a 96-well microplate along with 180 μL of 10 mM glutathione and 150 mM
CDNB. The GST-mediated conjugation of glutathione to CDNB was determined by
recording the change in absorbance at 340 nm for 10 min at 30 sec intervals.
Microsomal and whole body protein concentrations
The total protein in each enzyme sample preparation was determined using a
bicinchoninic acid assay as described by Smith et al. (1985) with bovine serum albumin
as a standard. Head and thorax homogenates (EST and GST) and microsome isolation
homogenates (P450), prepared as previously described, were used as the enzyme source
for protein determination. The total protein content of the samples (mg mL-1) was
measured at 560 nm using a multimode spectrophotometer.
Statistical analyses
All lethal concentration calculations were estimated using PoloPlus (LeOra Software
LLC, Parma, CA). All detoxification enzyme activity calculations and statistical analyses
were conducted using GraphPad Prism 8 (GraphPad Software, San Diego, CA). The
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P450, EST, and GST activities of honey bees exposed to technical-grade or formulated
chlorantraniliprole for 72 h were compared to the solvent and untreated control groups. If
necessary, data were normalized via log transformation. The detoxification enzyme
activities for chlorantraniliprole-treated and -untreated honey bees and fall armyworms at
each time point were statistically compared using a two-way analysis of variance
(ANOVA) followed by a Dunnett’s multiple comparison post-hoc test (P < 0.05).

RESULTS
Acute toxicity
Fall armyworms were provided six oral treatments of the technical-grade
chlorantraniliprole or three commercially-available formulated products of
chlorantraniliprole (5 SC, 20 SC, or 35 WG) for 72 h. The results of this work are
presented in Table 1. There were no significant differences between the acute toxicities
for fall armyworms treated with 5 SC, 20 SC, and 35 WG when comparing LC50 values
and non-overlapping 95% confidence intervals. Honey bees were provided six oral
treatments of the technical-grade chlorantraniliprole or three commercially available
formulated products chlorantraniliprole 5 SC, 20 SC, or 35 WG for 4 or 72 h. While
there was < 20% mortality observed for honey bees to each chlorantraniliprole treatment,
there were signs of lethargy observed for honey bees provided the highest treatments of
technical-grade and formulated chlorantraniliprole for 4 h as reported by Williams et al.
(2020). Similarly, the bees provided technical-grade and formulated chlorantraniliprole
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for 72 h appeared lethargic with uncoordinated movement after 1 d treatment, with these
symptoms continuing for the duration of the experiment (Williams et al., 2020).
Cytochrome P450 monooxygenase activity
Fall armyworms were provided a LC25 oral treatment of three formulated products of
chlorantraniliprole (5 SC, 20 SC, or 35 WG) for 24, 48, and 72 h followed by the
determination of P450 activities. The total and specific P450 activities of
chlorantraniliprole-treated fall armyworms were compared to those of the
chlorantraniliprole-untreated individuals. The results of this work are presented in Table
2. The total P450 activities were significantly increased for fall armyworms exposed to
20 SC for 48 h (+919.83%; P = 0.0009) and 72 h (+1180.19%; P < 0.0001), and 5 SC for
72 h (+423.22%; P = 0.0203). After the 48 and 72 h exposure, there was a significant
increase in the specific P450 activities for fall armyworms exposed to all formulated
products of chlorantraniliprole: 5 SC (+954.31%; P = 0.0017 and +1754.30%; P =
0.0002), 20 SC (+3478.27%; P < 0.0001 and +4916.56%; P < 0.0001), and 35 WG
(+1459.11%; P = 0.0060 and +1688.08%; P = 0.0003).
Honey bees were provided oral treatments of 150 mg L-1 technical-grade
chlorantraniliprole or the top recommended field concentration of three commercially
available formulated products chlorantraniliprole 5 SC, 20 SC, or 35 WG for 24, 48, and
72 h followed by the determination of P450 activities. The total and specific P450
activities of chlorantraniliprole-treated honey bees were compared to those of the
chlorantraniliprole-untreated individuals. The results of this work are presented in Table
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3. The total P450 activities were significantly decreased for honey bees exposed to
solvent treatment for 24 h (-82.92%; P < 0.0001), 48 h (-87.59%; P < 0.0001), and 72 h
(-62.80%; P = 0.0013) as well as the active ingredient after 24 h (-60.79%; P = 0.0038)
and 48 h (-64.71% ; P = 0.0002). After the 24 and 48 h exposure, there was a significant
decrease in the specific P450 activities for honey bees exposed to the solvent (-78.29%; P
< 0.0001 and -82.11%; P < 0.0001) and active ingredient (-51.98%; P = 0.0337 and 49.23%; P = 0.0126). While the solvent and active ingredient treatments had
significantly decreased P450 activities compared to the untreated controls, activities were
not significantly different from each other.
General esterase activity
Fall armyworms were provided a LC25 oral treatment of three formulated products of
chlorantraniliprole (5 SC, 20 SC, or 35 WG) for 24, 48, and 72 h followed by the
determination of general EST activities. The total and specific EST activities of
chlorantraniliprole-treated fall armyworms were compared to those of the
chlorantraniliprole-untreated individuals. The results of this work are presented in Table
4. The total EST activities were significantly decreased for fall armyworms exposed to 5
SC (- 32.63%; P = 0.0001), 20 SC (- 47.64%; P < 0.0001), and 35 WG (- 26.49%; P =
0.0023) after 48 h. After the 72 h exposure, the total EST activities continued to be
significantly reduced in individuals exposed to 5 SC (- 46.95%; P < 0.0001), 20 SC (66.19%; P < 0.0001), and 35 WG (- 37.92%; P < 0.0001). However, a significant
increase in specific EST activities was observed for fall armyworms exposed to 5 SC (+
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32.81%; P = 0.0050) and 20 SC (+ 35.97%; P = 0.0018) after 48, but there were no
significant changes in specific EST activities for individuals exposed to the
chlorantraniliprole treatments for 72 h. There were no significant changes in total or
specific EST activities in chlorantraniliprole formulation-untreated fall armyworms after
24, 48, and 72 h.
Honey bees were provided oral treatments of 150 mg L-1 technical-grade
chlorantraniliprole or the top recommended field concentration of three commercially
available formulated products chlorantraniliprole 5 SC, 20 SC, or 35 WG for 24, 48, and
72 h followed by the determination of general EST activities. The total and specific EST
activities of chlorantraniliprole-treated honey bees were compared to those of the
chlorantraniliprole-untreated individuals. The results of this work are presented in Table
5. The total EST activities were significantly decreased for honey bees exposed to 5 SC
(-11.40%; P = 0.0452) and 20 SC (-11.39%; P = 0.0461) after 48 h. After the 72 h
exposure, the total EST activities continued to be significantly reduced in individuals
exposed to 5 SC (- 17.47%; P = 0.0006) and 20 SC (- 12.84%; P = 0.0187). However,
there were no significant changes in specific EST activities for honey bees exposed to
any treatment or exposure period.
Glutathione S-transferase activity
Fall armyworms were provided a LC25 oral treatment of three formulated products of
chlorantraniliprole (5 SC, 20 SC, or 35 WG) for 24, 48, and 72 h followed by the
determination of GST activities. The total and specific GST activities of
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chlorantraniliprole-treated fall armyworms were compared to those of the
chlorantraniliprole-untreated individuals. The results of this work are presented in Table
6. The total GST activities were significantly decreased for fall armyworms exposed to 5
SC (-15.63%; P = 0.0416) and 20 SC (-23.65%; P = 0.0009) after 48 h. After the 72 h
exposure, the total GST activities continued to be significantly reduced in individuals
exposed to 5 SC (-19.78%; P = 0.0156) and 20 SC (-41.34%; P < 0.0001). However, a
significant increase in specific GST activities was observed for fall armyworms exposed
to all chlorantraniliprole treatments at 48 and 72 h: 5 SC (+62.72%; P = 0.0001,
+61.56%; P = 0.0144), 20 SC (+96.15%; P < 0.0001, +65.87%; P = 0.0080), and 35 WG
(+43.28%; P = 0.0116, +74.51%; P = 0.0022).
Honey bees were provided oral treatments of 150 mg L-1 technical-grade
chlorantraniliprole or the top recommended field concentration of three commercially
available formulated products chlorantraniliprole 5 SC, 20 SC, or 35 WG for 24, 48, and
72 h followed by the determination of GST activities. The total and specific GST
activities of chlorantraniliprole-treated honey bees were compared to those of the
chlorantraniliprole-untreated individuals. The results of this work are presented in Table
7. The total GST activities were significantly increased for honey bees exposed to the
solvent treatment (+24.92%; P < 0.0001) and technical-grade chlorantraniliprole
(+21.77%; P < 0.0001) after 24 h, but there were no significant changes in total GST
activities for honey bees exposed to any other treatments or exposure periods. After the
48 h and 72 h exposure, there was significantly higher specific GST activities in honey
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bees exposed to technical-grade chlorantraniliprole (+13.49%; P = 0.0167 and +23.30%;
P < 0.0001), while the individuals exposed to the solvent treatment (+18.06%; P =
0.0010) had significantly increased specific GST activity after 72 h. There were no
significant changes in specific GST activities for honey bees exposed to the other
treatments or exposure periods.
Microsomal and whole body protein concentrations
Fall armyworms were provided a LC25 oral treatment of three formulated products of
chlorantraniliprole (5 SC, 20 SC, or 35 WG) for 72 h followed by the determination of
microsomal and whole body protein concentrations. These protein concentrations of
chlorantraniliprole-treated fall armyworms were compared to those of the
chlorantraniliprole-untreated individuals. The results of this work are presented in Table
8. The microsomal protein concentrations were significantly decreased for fall
armyworms exposed to 5 SC (- 68.60%; P = 0.0005), 20 SC (- 68.60%; P = 0.0005), and
35 WG (- 63.95%; P = 0.0013) after 48 h while the microsomal protein concentrations
were significantly reduced for fall armyworms exposed to 5 SC (- 63.48%; P = 0.0004),
20 SC (- 66.09%; P = 0.0002), and 35 WG (- 75.65%; P < 0.0001) after 72 h. The whole
body protein concentrations were significantly decreased for fall armyworms exposed to
5 SC (- 49.51%; P = 0.0023), 20 SC (- 61.97%; P < 0.0001), and 35 WG (- 38.36%; P =
0.0236) after 48 h. After the 72 h exposure, the whole body protein concentrations were
significantly lower for fall armyworms exposed to 5 SC (- 61.05%; P < 0.0001), 20 SC (70.99%; P < 0.0001), and 35 WG (- 56.59%; P < 0.0001). There were no significant
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changes in microsomal or whole body protein concentrations in chlorantraniliprole
formulation-untreated fall armyworms after 24, 48, and 72 h.
Honey bees were provided oral treatments of 150 mg L-1 technical-grade
chlorantraniliprole or the top recommended field concentration of three commercially
available formulated products chlorantraniliprole 5 SC, 20 SC, or 35 WG for 24, 48, and
72 h followed by the determination of microsomal and whole body protein
concentrations. The results of this work are presented in Table 9. The microsomal
protein concentrations were significantly decreased for honey bees exposed to the solvent
treatment for 24 (- 33.42%; P < 0.0001), 48 (- 38.72%; P < 0.0001), and 72 h (- 36.97%;
P < 0.0001). Similarly, the microsomal protein concentrations were significantly
decreased for honey bees exposed to technical-grade chlorantraniliprole for 48 (- 37.00%;
P < 0.0001) and 72 h (- 47.39%; P < 0.0001). However, there was a significant increase
in microsomal protein concentration for honey bees exposed to 5 SC (+ 21.93%; P =
0.0182) for 24 h. After 72 h exposure, there was significantly lower whole body protein
in honey bees exposed to the solvent treatment (- 17.22%; P = 0.0003) and technicalgrade chlorantraniliprole (- 14.54%; P = 0.0029), but there were no significant changes in
whole body protein for honey bees exposed to the other treatments or exposure periods.

DISCUSSION
The aim of this study was to compare the acute toxicity of chlorantraniliprole to honey
bees and fall armyworms in addition to examining their detoxification enzyme activities
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to explain the differences in toxicity between these two insect species. Qi and Casida
(2013) hypothesize the low toxicity of chlorantraniliprole to honey bees to be differential
binding of the insecticide to the ryanodine receptor. The difference in detoxification
enzyme activities may help explain the reduced sensitivity of honey bees compared to
targeted pest insects. However, there are no current studies that have focused on the
detoxification enzyme activities of honey bees exposed to chlorantraniliprole.
The cytochrome P450 monooxygenases (P450), esterases (EST), and glutathione
S-transferases (GST) are protein families that facilitate the metabolic detoxification of
insecticide chemistries. The increased activity of these detoxification proteins, in addition
to target-site insensitivity, have been shown in field-collected and laboratory-selected
insects to confer resistance and tolerance to a number of insecticides, including
chlorantraniliprole. Previous studies have reported an increase P450 enzyme activity and
gene expression in chlorantraniliprole-resistant Plutella xylostella, Spodoptera exigua,
and Chilo suppressalis (Hu et al., 2014; Li et al., 2018; Liu et al., 2015; Xu et al., 2019).
Sial and Brunner (2012) found the inhibition of EST activity by S,S,Stributylphosphorotrithioate to increase the toxicity of chlorantraniliprole to a laboratoryselected, insecticide resistance strain of Choristoneura rosaceana and, thus, they
hypothesize general esterase-mediated hydrolysis to be responsible for the differences in
toxicity to the insecticide. Additionally, Hu et al. (2014) report chlorantraniliproleresistant P. xylostella to have significantly higher GST activity compare to that of
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chlorantraniliprole-susceptible P. xylostella. However, Xing et al. (2011) found a
significant reduction in GST activity for P. xylostella treated with chlorantraniliprole.
We report the acute toxicity of technical-grade and formulated chlorantraniliprole
to fall armyworms to be similar across all treatments, which are consistent with the data
reported for other Lepidopteran pests (Lai et al., 2011; Ribeiro et al., 2014; Silva et al.,
2012, 2019; Su et al., 2012). Williams et al. (2020) observed < 20% mortality for honey
bees exposed to technical-grade and formulated chlorantraniliprole at the highest
concentrations after 72 h. Therefore, the acute toxicity of each chlorantraniliprole product
to honey bees, estimated as the LC50, could not be determined for the tested exposure
route, concentrations, or time periods.
There was a significant increase in the total P450 activity of fall armyworms
exposed to formulated chlorantraniliprole 5 SC for 72 h and 20 SC at 48 and 72 h
whereas the specific P450 activity was significantly increased in those individuals
exposed to all three formulated chlorantraniliprole products for 48 and 72 h. The total
and specific P450 activities were measured using microsomes isolated from the fall
armyworms. The total protein concentration for these microsome preparations were
significantly reduced in fall armyworms exposed to the three formulated
chlorantraniliprole products for 48 and 72 h. While the total P450 activities represent the
P450-mediated O-deethylation of the substrate per unit time, the specific P450 activities
represent the O-deethylation of the substrate per milligram of the total protein determined
for each microsome preparation. These data do not provide evidence for those P450
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proteins that might contribute to chlorantraniliprole detoxification in the fall armyworms,
but observed increases in P450 enzyme activities do correlate with other studies showing
increased P450 enzyme activity in other Lepidopteran pests exposed to
chlorantraniliprole (Hu et al., 2014; Li et al., 2018; Liu et al., 2015; Xu et al., 2019). We
did observe a significant decrease in the total and specific P450 activities of honey bees
exposed to technical-grade chlorantraniliprole after 24 and 48 h. The total and specific
P450 activities of honey bees exposed to DMSO were also significantly lower at 24 and
48 h suggesting a solvent effect on P450 activity. Chauret et al. (1998) report DMSO to
reduce P450-mediated activity of human liver microsomes although at lower
concentrations than used for this study. Johnson et al. (2012) show that DMSO does not
affect P450 activity in honey bees albeit at a lower concentration than reported for this
study. It should be noted that the total and specific P450 activities were significantly
higher in honey bees exposed to chlorantraniliprole compared to the individuals exposed
to DMSO. These data suggest that the higher P450 activity might function in the
detoxification of chlorantraniliprole and, in turn, to the reduced sensitivity of honey bees
to the insecticide. However, there is more work required to further elucidate these
findings between P450 activity and chlorantraniliprole toxicity in honey bees. There was
a significant increase in the specific EST activities in fall armyworms exposed to
formulated chlorantraniliprole 5 SC and 20 SC at 48 h in addition to the specific GST
activities of individuals exposed to all three formulated chlorantraniliprole products for
48 and 72 h. These results are consistent with a study of Helicoverpa armigera which
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observed increased EST and GST activities when orally exposed to chlorantraniliprole
(Cao et al., 2010), and suggest that GST-mediated detoxification of chlorantraniliprole
occurs in the fall armyworm, with EST-mediated detoxification occurring to a lesser
extent. While there was no change in the specific EST activities of honey bees exposed
to technical-grade or formulated chlorantraniliprole, there was a significant increase in
the specific GST activities of honey bees exposed to technical-grade chlorantraniliprole
for 48 and 72 h. However, the specific GST activities exposed to technical-grade
chlorantraniliprole are not significantly different from those in honey bees exposed to
DMSO and, thus, these data do not provide a functional explanation for GST-mediated
detoxification of chlorantraniliprole in honey bees.
Interestingly, the total protein concentrations for microsomes and whole bodies of
fall armyworms exposed to all formulated chlorantraniliprole products were significantly
decreased after 48 and 72 h. These results were consistent with the feeding cessation and
decreased size relative to untreated controls observed in fall armyworms after exposure to
chlorantraniliprole here and in other studies (Hannig et al., 2009). A significant reduction
in microsome total protein concentrations was observed for honey bees exposed to
technical-grade chlorantraniliprole after 48 and 72 h and to DMSO after 24, 48, and 72 h.
However, there is no significant difference between the total protein concentrations of
microsomes isolated from honey bees exposed to technical-grade chlorantraniliprole and
DMSO. The reduced microsomal protein concentrations might be due in part to the
inhibition of protein synthesis by DMSO. Previous studies found that DMSO can inhibit
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the synthesis, folding, and binding of proteins in mammalian cell lines (Henderson et al.,
1975; Saborio & Koch, 1973; Tjernberg et al., 2006). Jackson and Mantsch (1991)
observed that the addition of increasing concentrations of DMSO led to the denaturation
of proteins in aqueous solutions and hypothesized that this organic solvent outcompetes
binding of water in physiological proteins. Other studies in rats found that injection with
DMSO caused a decrease in protein excretion from hepatic cells and an 80% reduction in
collagen formation (for wound healing) after mechanical abrasion (Lotan et al., 1984;
Mayer et al., 1965). These studies suggest that DMSO may interfere with the synthesis,
folding, and retention of protein in animals, but the exact mechanism of this interference
is unknown at this time. The decreased microsomal and total protein content observed in
honey bees receiving solvent control and technical grade chlorantraniliprole dissolved in
DMSO may therefore be a result of protein degradation after ingestion of DMSO, but
further studies are necessary to validate this hypothesis. The detrimental effects of
DMSO on survival in honey bees was observed in a study by Williams et al. (2020),
where bees receiving solvent control and technical-grade chlorantraniliprole treatments
for 72 h survived significantly fewer days than untreated controls in a 30 d survival
analysis.
While this study aimed to compare the acute toxicity of chlorantraniliprole to
honey bees and fall armyworms, the data show chlorantraniliprole to be highly toxic to
the fall armyworm and relatively non-toxic to the honey bee. Additionally, the observed
increases in the P450 and GST activities of fall armyworm suggest a role in the metabolic
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detoxification of chlorantraniliprole. However, the P450 activity of honey bees was
decreased following exposure to the solvent DMSO and technical-grade
chlorantraniliprole containing DMSO. While DMSO is clearly affecting the P450
activity in honey bees, the P450 activity for the honey bees exposed to technical-grade
chlorantraniliprole remained higher than those individuals exposed to DMSO. This
difference in P450 activity suggests that chlorantraniliprole may be inducing P450
activity for the detoxification of the insecticide. The use of DMSO did limit the
interpretation of the detoxification enzyme data and, thus, it is recommended that future
studies examine chlorantraniliprole and detoxification enzyme activity using different
carrier solvents that provide a soluble medium for the insecticide. This work will also
benefit from additional experimentation such as comparing the acute toxicity of
chlorantraniliprole with and without insecticide synergists, the quantification of
detoxification gene expression in response to chlorantraniliprole, and the functional
expression of detoxification proteins for metabolism of chlorantraniliprole. The high
likelihood of honey bees exposed to chlorantraniliprole in natural landscapes and
increasing reports of chlorantraniliprole resistance in pest insects warrants continued
investigation of the metabolic detoxification of this insecticide as well as next generation
diamide chemistries.
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Table 1. Lethal concentrations of three formulated products of chlorantraniliprole to third instar Spodoptera frugiperda following 72 h
exposure. Lethal concentrations presented as mg L-1.

1
2
3
4
5
6
7
8
9
10
11
12
13

Treatment

n

Slope (SE)

Active

210

2.00 (0.32)

5SC

210

1.51 (0.23)

20SC

210

1.17 (0.16)

35WG

210

1.23 (0.17)

LC25 (95% CL)
0.029
(0.009 – 0.053)
0.020
(0.008 – 0.038)
0.016
(0.004 – 0.036)
0.013
(0.004 – 0.029)

LC50 (95% CL)
0.062
(0.030 – 0.119)
0.056
(0.030 – 0.119)
0.060
(0.025 – 0.155)
0.047
(0.021 – 0.121)

χ2
30.98
20.25
26.55
30.15
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Table 2. Cytochrome P450 monooxygenase activities of third instar fall armyworms orally exposed to the LC25 concentration of three formulated products of

1

chlorantraniliprole over 72 h. The (A) total and (B) specific activities of armyworms exposed to chlorantraniliprole formulations 5SC, 20SC, and 35WG were
compared to untreated controls (UTC) at each time point. Data were analyzed using a two-way analysis of variance and asterisks denote significant differences
from UTC activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

UTC

5SC

20SC

35WG

24 H

8.65 x 105
(5.46 x 105)

5.97 x 105
(4.12 x 105)

2.81 x 106
(2.10 x 106)

1.81 x 106
(2.28 x 106)

48 H

6.05 x 105
(5.47 x 105)

1.77 x 106
(1.83 x 106)

6.17 x 106
(3.93 x 106)*

2.66 x 106
(4.72 x 106)

72 H

6.46 x 105
(5.08 x 105)

3.38 x 106
(2.11 x 106)*

8.27 x 106
(3.84 x 106)*

2.90 x 106
(2.87 x 106)

B. SPECIFIC P450 ACT
(RFU/MG PROTEIN)

UTC

5SC

20SC

35WG

24 H

3.96 x 106
(3.19 x 106)

2.62 x 106
(1.91 x 106)

1.18 x 107
(7.87 x 106)

6.00 x 106
(7.28 x 106)

48 H

6.26 x 105
(3.65 x 105)

6.61 x 106
(7.21 x 106)*

2.24 x 107
(1.40 x 107)*

9.76 x 106
(1.87 x 107)*

72 H

6.04 x 105
(1.78 x 105)

1.12 x 107
(1.01 x 107)*

3.03 x 107
(2.25 x 107)*

1.08 x 107
(1.03 x 107)*

105

2

A. TOTAL P450 ACT
(RFU/ML)

Table 3. Cytochrome P450 monooxygenase activities of honey bees orally exposed to technical grade and the top recommended label concentration of three
formulated products of chlorantraniliprole over 72 h. The (A) total and (B) specific activities of bees exposed to chlorantraniliprole formulations 5SC, 20SC, and
35WG were compared to untreated controls (UTC) at each time point. Data were analyzed using a two-way analysis of variance and asterisks denote significant
differences from UTC activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

UTC

SOL

AI

5SC

20SC

35WG

24 H

3.80 x 106
(1.19 x 106)

6.49 x 105
(5.50 x 105)*

1.49 x 106
(1.13 x 106)*

8.92 x 106
(5.42 x 106)

5.10 x 106
(1.76 x 106)

3.89 x 106
(1.34 x 106)

48 H

3.74 x 106
(1.73 x 106)

4.64 x 105
(4.73 x 105)*

1.32 x 106
(1.03 x 106)*

4.06 x 106
(1.73 x 106)

4.09 x 106
(1.33 x 106)

3.82 x 106
(2.10 x 106)

72 H

2.93 x 106
(4.28 x 105)

1.09 x 106
(6.83 x 105)*

1.78 x 106
(1.31 x 106)

6.84 x 106
(4.17 x 106)

6.90 x 106
(4.01 x 106)

5.44 x 106
(3.24 x 106)

B. SPECIFIC P450 ACT
(RFU/MG PROTEIN)

UTC

SOL

AI

5SC

20SC

35WG

24 H

4.79 x 106
(1.65x106)

1.04 x 106
(8.56x105)*

2.30 x 106
(1.44 x 106)*

9.10 x 106
(5.95 x 106)

5.88 x 106
(2.30 x 106)

5.55 x 106
(2.10 x 106)

48 H

4.55 x 106
(1.89 x106)

8.15 x 105
(7.68 x 105)*

2.31 x 106
(1.66 x 106)*

4.28 x 106
(1.84 x 106)

4.87 x 106
(1.30 x 106)

4.96 x 106
(2.32 x 106)

72 H

3.56 x 106
(5.64 x 105)

2.19 x 106
(1.09 x 106)

4.03 x 106
(3.53 x 106)

7.65 x 106
(4.73 x 106)

8.37 x 106
(4.48 x 106)

6.98 x 106
(4.26 x 106)

106

A. TOTAL P450 ACT
(RFU/ML)
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activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

UTC

5SC

20SC

35WG

24 H

843.19
(218.36)

768.06
(199.35)

742.51
(258.16)

858.21
(325.11)

48 H

1293.81
(355.94)

871.68
(259.79)*

677.43
(217.91)*

951.11
(245.54)*

72 H

1256.37
(437.18)

666.53
(184.99)*

424.73
(284.91)*

779.91
(180.82)*

B. SPECIFIC EST ACT
(NMOL/MIN/MG PROTEIN)

UTC

5SC

20SC

35WG

24 H

326.98
(109.39)

383.97
(113.03)

406.15
(148.37)

410.17
(145.87)

48 H

423.74
(89.18)

562.66
(143.69)*

576.11
(99.48)*

517.00
(159.60)

72 H

293.80
(125.18)

346.67
(91.69)

278.10
(92.61)

364.18
(82.61)
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7
8

UTC

SOL

AI

5SC

20SC

35WG

24 H

197.54
(26.04)

216.11
(20.15)

205.84
(21.11)

175.57
(20.79)

182.73
(10.79)

197.01
(29.82)

48 H

197.37
(25.05)

192.50
(24.85)

181.42
(24.08)

174.88
(14.88)*

174.94
(21.23)*

184.47
(31.98)

72 H

196.34
(26.51)

189.20
(30.44)

185.97
(19.44)

162.01
(21.34)*

171.07
(22.34)*

184.96
(30.24)

B. SPECIFIC EST ACT
(NMOL/MIN/MG
PROTEIN)

UTC

SOL

AI

5SC

20SC

35WG

24 H

76.87
(9.76)

75.47
(8.72)

74.64
(8.96)

71.65
(9.93)

74.63
(7.33)

82.11
(13.79)

48 H

78.98
(12.05)

74.72
(12.31)

76.22
(7.94)

71.88
(11.25)

76.49
(18.37)

73.36
(9.33)

72 H

72.11
(9.74)

71.12
(11.77)

73.26
(7.33)

64.91
(8.44)

67.20
(10.33)

73.47
(13.39)
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6

A. TOTAL EST ACT
(NMOL/MIN/BEE)

Table 6. Glutathione S-transferase activities of third instar fall armyworms orally exposed to the LC 25 concentration of three formulated products of

1

Dunnett’s multiple comparison test (α = 0.05).

chlorantraniliprole over 72 h. The (A) total and (B) specific activities of armyworms exposed to chlorantraniliprole formulations 5SC, 20SC, and 35WG were

2
3
compared
to untreated controls (UTC) at each time point. Data were analyzed using a two-way analysis of variance and asterisks denote significant differences
from UTC activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

UTC

5SC

20SC

35WG

24 H

1.50
(0.35)

1.37
(0.32)

1.32
(0.39)

1.53
(0.31)

48 H

1.99
(0.16)

1.68
(0.31)*

1.52
(0.43)*

1.77
(0.35)

72 H

1.79
(0.34)

1.43
(0.32)*

1.05
(0.45)*

1.73
(0.37)

B. SPECIFIC GST ACT
(NMOL/MIN/MG PROTEIN)

UTC

5SC

20SC

35WG

24 H

0.60
(0.25)

0.72
(0.30)

0.81
(0.44)

0.82
(0.41)

48 H

0.67
(0.12)

1.10
(0.22)*

1.32
(0.33)*

0.96
(0.24)*

72 H

0.46
(0.23)

0.74
(0.16)*

0.76
(0.17)*

0.80
(0.16)*
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5

A. TOTAL GST ACT
(NMOL/MIN/LARVA)

Table 7. Glutathione S-transferase activities of honey bees orally exposed to technical grade and the top recommended label concentration of three formulated

1

from UTC activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

products of chlorantraniliprole over 72 h. The (A) total and (B) specific activities of bees exposed to chlorantraniliprole formulations 5SC, 20SC, and 35WG

2
3

were compared to untreated controls (UTC) at each time point. Data were analyzed using a two-way analysis of variance and asterisks denote significant
differences from UTC activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

UTC

SOL

AI

5SC

20SC

35WG

24 H

95.14
(10.98)

118.81
(14.76)*

115.82
(15.62)*

93.20
(4.85)

92.30
(10.91)

93.42
(11.41)

48 H

102.54
(8.11)

107.11
(11.65)

109.25
(15.88)

107.74
(12.87)

101.70
(8.46)

103.28
(11.95)

72 H

104.02
(9.50)

102.65
(10.17)

109.36
(18.87)

97.39
(10.48)

97.82
(10.49)

97.27
(9.60)

B. SPECIFIC GST ACT
(NMOL/MIN/MG
PROTEIN)

UTC

SOL

AI

5SC

20SC

35WG

24 H

37.39
(6.93)

41.29
(3.99)

41.48
(4.22)

38.10
(4.15)

37.64
(4.72)

38.91
(5.21)

48 H

40.18
(4.43)

41.18
(5.28)

45.56
(5.28)*

44.51
(3.85)

40.88
(3.99)

42.40
(4.06)

72 H

38.22
(3.99)

45.13
(4.05)*

47.11
(10.48)*

39.02
(4.21)

38.32
(3.83)

38.51
(3.50)
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A. TOTAL GST ACT
(NMOL/MIN/BEE)

Table 8. Protein content of third instar fall armyworms orally exposed to the LC25 concentration of three formulated products of chlorantraniliprole over 72 h.

1

UTC activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

The (A) total microsomal protein and (B) whole body protein of armyworms exposed to chlorantraniliprole formulations 5SC, 20SC, and 35WG were compared

2

to untreated controls (UTC) at each time point. Data were analyzed using a two-way analysis of variance and asterisks denote significant differences from UTC
activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

UTC

5SC

20SC

35WG

24 H

0.21
(0.19)

0.19
(0.12)

0.24
(0.10)

0.24
(0.08)

48 H

0.86
(0.44)

0.27
(0.03)*

0.27
(0.07)*

0.31
(0.08)*

72 H

1.15
(0.75)

0.42
(0.14)*

0.39
(0.17)*

0.28
(0.07)*

B. WHOLE BODY PROTEIN
(MG/ML)

UTC

5SC

20SC

35WG

24 H

2.73
(1.19)

2.20
(1.11)

2.12
(1.34)

2.28
(1.18)

48 H

3.05
(1.07)

1.54
(0.48)*

1.16
(0.40)*

1.88
(0.54)*

72 H

4.93
(2.98)

1.92
(0.49)*

1.43
(0.76)*

2.14
(0.54)*

111
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4

A. TOTAL MICROSOMAL PROTEIN
(MG/ML)

1

significant differences from UTC activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

2Table 9. Protein activities of honey bees orally exposed to technical grade and the top recommended label concentration of three formulated products of
3
chlorantraniliprole over 72 h. The (A) microsomal protein content and (B) whole body protein content of bees exposed to chlorantraniliprole formulations 5SC,

4

20SC, and 35WG were compared to untreated controls (UTC) at each time point. Data were analyzed using a two-way analysis of variance and asterisks denote
significant differences from UTC activities using a post hoc Dunnett’s multiple comparison test (α = 0.05).

UTC

SOL

AI

5SC

20SC

35WG

24 H

0.81
(0.11)

0.54
(0.10)*

0.69
(0.18)

0.98
(0.18)*

0.88
(0.14)

0.71
(0.09)

48 H

0.81
(0.13)

0.50
(0.10)*

0.51
(0.13)*

0.95
(0.06)

0.83
(0.14)

0.75
(0.15)

72 H

0.82
(0.06)

0.52
(0.14)*

0.43
(0.12)*

0.84
(0.10)

0.76
(0.10)

0.89
(0.17)

B. WHOLE BODY
PROTEIN (MG/ML)

UTC

SOL

AI

5SC

20SC

35WG

24 H

2.58
(0.36)

2.87
(0.30)

2.76
(0.20)

2.47
(0.35)

2.46
(0.22)

2.42
(0.44)

48 H

2.51
(0.30)

2.58
(0.26)

2.37
(0.27)

2.40
(0.31)

2.44
(0.30)

2.45
(0.37)

72 H

2.73
(0.34)

2.25
(0.21)*

2.32
(0.22)*

2.51
(0.40)

2.55
(0.39)

2.52
(0.23)

112

A. TOTAL
MICROSOMAL PROTEIN
(MG/ML)
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CHAPTER 4: EFFECT OF CHLORANTRANILIPROLE EXPOSURE ON A
MARKER OF INDIVIDUAL- AND GROUP- LEVEL IMMUNITY IN THE
HONEY BEE, (Apis mellifera L.)

INTRODUCTION
Insect innate immunity is broadly defined as either cellular, mediated by hemocytes, or
humoral, mediated primarily by antimicrobial peptides (AMPs) produced in the fat body.
Cellular immunity includes the encapsulation, phagocytosis, and nodulation of microbial
pathogens and silencing of viral pathogens through RNA interference (RNAi) (Gillespie
and et al., 1997; Hoffmann, 2003). Humoral immunity includes multiple enzymatic
cascades such as the coagulation of hemolymph, the phenoloxidase (POX) cascade, and
the creation of reactive oxygen and nitrogen species (Hoffmann, 2003; Nappi et al.,
2000). These immune responses rely on a host of recognition, effector, and signaling
systems that recognize pathogenic invaders, differentiate foreign bodies from self, and
are capable of cross-talk (Gillespie et al., 1997). The signaling systems of insect
immunity are differentiated mainly by the type of pathogen they identify and the AMPs
they produce as a result of activation. Gram-positive bacterial, viral, and fungal
pathogens activate the Toll pathway which has a conserved role in insect development
and immunity (Cao et al., 2015; Lemaitre & Hoffmann, 2007; Shia et al., 2009). The
Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) pathway is
similarly conserved evolutionarily for development and immunity, and is activated by
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gram-positive and gram-negative bacterial and viral pathogens. Gram-negative bacteria
and viruses activate the immune deficiency (Imd) pathway (Govind, 2008; Lemaitre &
Hoffmann, 2007). Each of these pathways relies on the recognition of pathogen
associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) to
activate downstream transcription of specific genes and effector mechanisms leading to
the destruction of pathogens (Tsakas & Marmaras, 2010).
The effectors and AMPs associated with the immune pathways outlined above
have been studied extensively in numerous insect species representing multiple orders.
Interestingly, the honey bee (Apis mellifera L.) genome possesses significantly fewer
immunity-related genes than insects in other orders. Evans et al. (2006) compared the
Drosophila melanogaster and Anopheles gambiae genomes to that of the honey bee
finding that bees have one-third of the immunity genes in the 17 families related to
recognition, signaling, and effectors. It is hypothesized that bees may compensate for
this relative lack of immunity-related genes, in part, due to their eusocial life history
strategy. Living in social groups has advantages and corresponding disadvantages
(Cremer et al., 2007). The stability of the hive environment, access to food stores, and
presence of large groups of constantly interacting and closely-related individuals grant
pathogens access to many hosts at once, increasing parasite and pathogen replication and
virulence (Fefferman et al., 2007; Schmid-Hempel, 1998). However, bees can mount
colony-wide defense against pathogen infection through mechanical, behavioral, and
group-level immune activities. The physical structure of the honey bee hive serves as a
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first barrier to entry by pathogens, and anti-microbial resin from plants or trees is
gathered by bees and mixed with wax to form the cement-like propolis which is used to
line the hive (Simone et al., 2009). Bees exhibit hygienic behaviors, including grooming
nestmates and rapidly disposing of unrecognized items, diseased, or deceased members
of the hive, in addition to recognizing infections before pathogenic symptomologies arise
(Evans & Spivak, 2010; Rothenbuhler, 1964; Spivak & Reuter, 2001; Traniello et al.,
2002). Furthermore, bees are raised individually in sterilized wax cells and fed royal or
worker jelly containing anti-microbial properties. Bees may also raise the temperature of
the brood nest after contamination with pathogens (Starks et al., 2000), a phenomenon
named “social fever”. The robust immune defense in a bee colony spans from the
mechanical barriers of the hive structure, to innate immunity at the individual level,
through to the colony level via behavioral, physiological, and organizational adaptations
mentioned here (Wilson-Rich et al., 2009).
Melanization is a process utilized by insects in the tanning of the cuticle, wound
healing, and serves as an endpoint in multiple immunological pathways (Nakhleh et al.,
2017). The production and induction of phenoloxidase (POX) after wounding or immune
challenge represents a measure of individual immunity. Phenoloxidases are primarily
synthesized by hemocytes circulating freely in hemolymph and are produced as inactive
precursors (or prophenoloxidases). These prophenoloxidases are activated to
phenoloxidase after injury or pathogen detection and results in the formation of melanin
(Laughton et al., 2011; Laughton & Siva-Jothy, 2011). Melanin synthesis leads to an
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increase in free radicals and quinones at the site for wound healing or for utilization by
hemocytes during encapsulation and phagocytosis of the pathogen (Chan et al., 2009;
Zufelato et al., 2004). POX activity in larval bees exposed to two strains of Paenibacillus
larvae, the causative agent of American Foulbrood disease, increased 5-fold compared to
untreated larvae (Chan et al., 2009). A 2010 study by Alaux et al. demonstrated that
baseline POX activity may also be connected to nutrition in bees, with cohorts receiving
sucrose solution and polyfloral pollen (pollen collected from numerous plant species)
having significantly increased POX activity compared to control cohorts receiving only
sucrose solution (Alaux, et al., 2010). In a 2011 study, adult worker and drone bees were
challenged with lipopolysaccharides (LPS), a component of gram-negative bacterial cell
walls and used as an elicitor of immune response in insects, and found that POX activity
decreased in newly-emerged worker bees injected with LPS compared to untreated
controls (Laughton et al., 2011). POX activity in another social bee, Bombus terrestris,
fluctuated significantly between 2 h and 14 d after LPS injection compared to vehicleinjected controls, with POX activity being significantly decreased compared to controls
after an initial increase in activity (Korner & Schmid-Hempel, 2004).
Glucose oxidase (GOX) is produced in the hypopharyngeal glands of honey bee
workers. The hypopharyngeal glands are located in the frontal portion of the head and
honey bee nurses are responsible for the conversion of pollen into brood food, essentially
distributing the nutrients of pollen to the colony (DeGrandi-Hoffman et al., 2010,
Hrassnigg and Crailsheim, 1998). GOX catalyzes the oxidation of glucose to gluconic
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acid and finally to hydrogen peroxide (Alaux, et al., 2010; Alaux, et al., 2010). GOX is
utilized to sterilize hive products and honey and is considered a physiological mechanism
of group-level immunity (Yang & Cox-Foster, 2005). The size of the hypopharyngeal
gland and production of GOX by worker bees is dependent on age, with younger nurse
bees possessing larger glands than older foraging bees due to their age-dependent tasks
(termed temporal polyethism) within the hive. While GOX activity does not provide
immediate benefits to the individual, the enzyme is considered a group- or social-level
immune response for the sterilization of hive products and food sources. Baseline GOX
activity was significantly increased in bees receiving a polyfloral pollen diet compared to
those receiving monofloral pollen (pollen collected from a single plant species) (Alaux, et
al., 2010). López-Uribe et al. (2017) report the GOX enzymatic activity and gene
expression levels of workers in bee colonies infected with P. larvae to not change after 7
or 14 days post-infection relative to workers in uninfected colonies.
Bees rely on individual- and group-level immunity to resist or tolerate pathogens
brought into the hive environment. These immune challenges include bacteria, viruses,
fungi, protozoans, nematodes, mites, beetles, moths, and flies (Evans & Pettis, 2005;
Schmid-Hempel, 1998). Colonies are also continually exposed to agricultural and
apicultural pesticides brought into the hive by foraging bees or applied by beekeepers to
diminish the load of the destructive varroa mite, Varroa destructor. There are multiple
pesticide chemistries that have been detected in hive matrices, such as bees, pollen,
nectar, and wax, and often as complex mixtures rather than individual metabolites
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(Mullin et al., 2010; Ostiguy et al., 2019; Sanchez-Bayo & Goka, 2014). Pesticide
exposure has been linked to a number of effects on cellular immunity in insects.
Organophosphate and organochlorine insecticides have been shown affect total hemocyte
number and variation, raising and lowering total hemocyte count respectively (George &
Ambrose, 2004). Juvenile hormone analogs and various botanical insecticides have
demonstrated the ability to impair nodule formation and reduce POX activity (Babu &
Subrahmanyam, 2010; James & Xu, 2012; Nasr et al., 2010; Rantala et al., 2003; Zibaee
& Bandani, 2010). In honey bees, a 2018 study found that exposure to the
organophosphate coumaphos and pyrethroid tau-fluvalinate, commonly used acaricides
utilized by beekeepers to combat the Varroa mite, increased GOX activity in bees
(Reeves et al., 2018). Chlorothalonil, a broad-spectrum fungicide commonly detected in
bee colonies, also increased GOX activity in nurse and foraging bees in one study
(O’Neal et al., 2019) and increased the likelihood of infection of a hive with the
microsporidian Nosema ceranae in another (Pettis et al., 2012). The neonicotinoid
imidacloprid has been shown to lower bee tolerance to N. ceranae, increasing mortality
of bees and decreasing GOX activity, though POX activity was not altered by exposure
(Alaux, et al., 2010; Pettis et al., 2012, 2013).
Diamide insecticides are a relatively new mode of action targeting the nerve and
muscle of crop pest species. First registered in 2007, diamides such as chlorantraniliprole
work via the activation of the ryanodine receptor, causing an efflux of intracellular
calcium into the cytosol after which the depletion of these calcium stores leads to rapid
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feeding cessation, lethargy, and eventual death (Cordova et al., 2006; Lahm et al., 2007;
Sattelle et al., 2008). Diamide insecticides currently represent 8% of the agrochemical
market and increase in usage each year (Sparks & Nauen, 2015). Chlorantraniliprole is
not acutely toxic to bees, likely due in part to an amino acid substitution in the
transmembrane-spanning portion of the ryanodine receptor near the binding site. While
not acutely toxic, chlorantraniliprole exposure has been shown to cause locomotor
deficits in honey bees (Williams et al., 2020) and decrease fecundity in bumble bees
(Smagghe et al., 2013). Effects of chlorantraniliprole exposure on immune function
remains largely unknown in bees. One study found that chlorantraniliprole exposure upregulated relish and down-regulated domeless and hopscotch gene expression (Christen
& Fent, 2017). The efflux and eventual exhaustion of intracellular calcium stores in
neuronal, aortic, and muscular cells in insects presents a knowledge gap regarding
potential effects on bee immunity, particularly given the importance of cellular calcium
in signaling cascades (Berridge et al., 2000).
There is a critical need to understand downstream biological effects of insecticide
exposure to honey bees aside from mortality. Numerous studies have demonstrated
insecticide exposures to not only impair the learning, memory, and navigation of honey
bees, but also decrease their immunocompetence (Boncristiani et al., 2012; Decourtye et
al., 2005; Decourtye et al., 2004; Henry et al., 2012; Locke et al., 2012; O’Neal et al.,
2019; Reeves et al., 2018). Moreover, the increasing agricultural, horticultural, and
ornamental uses of products containing chlorantraniliprole increase the likelihood of
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exposure to these beneficial, pollinating insects and, thus, warrant an examination of the
immune responses of bees exposed to technical-grade chlorantraniliprole. Here, we
report a comparison of phenoloxidase and glucose oxidase activities of
chlorantraniliprole-treated and -untreated bees infected with Flock House virus, a single
strand RNA virus, and lipopolysaccharide, from the cell of a gram-negative bacterium.
These data provide a comparison between individual- and group-level immune responses
to a viral and bacterial pathogen, but also provide insight for how chlorantraniliprole can
affect these responses in honey bees exposed to the insecticide.

MATERIALS & METHODS
Chemicals
Technical grade chlorantraniliprole, 5-bromo-N-[4-chloro-2-methyl-6(methylcarbamoyl)phenyl]-2-(3-chloropyridin-2-yl)pyrazole-3-carboxamide, was
purchased from Chem Service Inc. (West Chester, PA). 3,4-Dihydroxy-L-phenylalanine
(L-dopa), bicinchoninic acid, bovine serum albumin, copper sulfate, dimethyl sulfoxide
(DMSO), glucose, horseradish peroxidase, o-dianisidine, sodium chloride, and Triton X100 were purchased from Sigma-Aldrich (St. Louis, MO). Monobasic and dibasic
sodium phosphate and monobasic and dibasic potassium phosphate monobasic were
purchased from VWR (Radnor, PA).
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Insects
The European honey bee was used for all laboratory experiments. A frame of emerging
honey bees was taken from hives maintained by the Department of Entomology at the
University of Nebraska-Lincoln (Lincoln, NE USA) using standard beekeeping practices
with no miticide applications, antibiotic treatments, or supplemental pollen feeding in the
months prior to sampling. Frames with capped brood were brought to the laboratory and
maintained in an environmental incubator at 33 °C with 60 - 80% relative humidity with
no light. The newly emerged honey bees were placed into 10.16 cm x 7.62 cm x 7.62 cm
acrylic glass cages with holes drilled in to provide ventilation, maintained in an
environmental incubator at 30 °C and fed ad libitum with honey and pollen for 2 d. After
2 d, the honey and pollen were replaced with microcentrifuge tubes with holes containing
a 50% sucrose solution (w/v) and active ingredient (A.I.) chlorantraniliprole dissolved in
DMSO to a final concentration of 150 mg L-1 (w/v; 2% DMSO final concentration).
Additionally, a 50% sucrose-only solution (w/v; untreated control) and a 50% sucrose
solution containing 2% DMSO (v/v) was provided to the honey bees after 2 d. Each oral
treatment contained eight cages of 45 bees for a total of 360 bees per oral treatment, and
the experiment was performed in triplicate. Following the 24-h exposure period, the
honey bees were anesthetized with CO2 for 10 sec and used for the virus- and bacteriainfection experiments.
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Virus and bacteria infection
Within each oral treatment (untreated control, solvent control, and chlorantraniliprole
active), injections with a Nanoject II (Drummond Scientific, Broomall, PA) were carried
out using four sub-groups of honey bees: no injection (anesthetized only), sham injection
(anesthetized followed by the puncture of the mesothorax with a drawn needle without
delivery of solution), vehicle injection (anesthetized followed by the puncture of the
mesothorax with a drawn needle delivering 50.6 nL Ringer’s solution), and immune
challenge injection (anesthetized followed by the puncture of the mesothorax with a
drawn needle delivering 50.6 nL 1.5 x 106 pfu Flock House virus (FHV) or 0.5 ng/µl
lipopolysaccharides (LPS)). Subsamples of honey bees were collected at 6, 12, and 24 h
post- injection for those bees receiving an FHV injection and 1, 6, 12, and 24 h postinjection for bees receiving an LPS injection. Within each oral treatment (untreated
control, solvent control, and active ingredient) group, each injection sub-treatment (no
treatment, sham, vehicle, and virus or bacteria) contained three cages of 15 honey bees
for a total of 45 honey bees per injection sub-treatment. At each time point, two honey
bees were collected from each injection cage and all honey bees were flash frozen using
liquid nitrogen and stored at -80 °C for future analysis.
Viral RNA expression
In order to verify replication of FHV in honey bees, the virus subsample of each oral
treatment was injected with 1.5 × 106 pfu of FHV/bee, two bees from each treatment
were collected at 0, 12, and 24 h and frozen at - 80°C until RNA expression was
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analyzed. Viral replication analysis was performed in triplicate. RNA was isolated using
Tri RT Reagent (Molecular Research Center, Inc., Cincinnati, OH) following
manufacturer’s protocol after which complementary DNA (cDNA) was synthesized using
iScript Reverse Transcription Supermix (Bio-Rad Laboratories, Inc., Hercules, CA) The
thermal cycling parameters used for reverse transcription were 25 °C for 5 min, 46 °C for
20 min, and then 95 °C for 1 min. Gene expression was estimated using RT-qPCR on a
CFX96 Real- Time PCR Detection System (Bio-Rad). Each PCR reaction (10µl)
contained iTaq Universal SYBR Green Supermix (Bio-Rad), 16 ng cDNA template, and
1 µM forward and reverse primers. The thermal cycling parameters used for RT-qPCR
were 95 °C for 60 sec for enzyme activation followed by 40 cycles of denaturation at 95
°C for 20 s and annealing/extension at 60 °C for 30 s. Relative gene expression was
normalized using RPS5, or ribosomal protein S5 (Evans and Pettis, 2005), as the
endogenous control. The primers utilized in this study were FHV 1: forward 5′GGACCGAAGTGCGGTGATG-3′,
reverse 5′-CAGTTTTGCGGGTGGGGGG-3′ and
RPS5: forward 5’-AATTATTTGGTCGCTGGAATTG-3’,
reverse 5’-TAACGTCCAGCAGAATGTGGTA-3’.
Phenoloxidase activity
Phenoloxidase (POX) assays were conducted using a modified protocol of Reeves et al.
(2018) using the thorax and abdomen of two honey bees for each treatment sample. Each
treatment (untreated control, solvent control, and active ingredient chlorantraniliprole)
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contained three samples, and the experiment was performed in triplicate. Briefly, the
honey bee thoraces and abdomens were homogenized with a Teflon glass tissue
homogenizer in 1 mL of buffer solution containing 80 mM sodium phosphate (pH 7.4),
5mM sodium chloride, 1% Triton X-100. The homogenates were centrifuged at 20,000 x
g for 20 min at 4 °C and, then, the supernatants were transferred to a clean 1.5-mL
microcentrifuge tube. The supernatant was used as the enzyme source for the POX
activity in addition total protein content assays. Fifty (50) µL of undiluted supernatant
was placed into individual wells of a 96-well microplate. One-hundred and ten (110) µL
of reaction buffer (80 mM sodium phosphate buffer, pH 7.4, 5 mM sodium chloride) was
added to each well and the plate was incubated for 5 min at 37 °C. Finally, 40 µL of Ldopa (2 mg/mL in reaction buffer) was added to each well and the plate was read on a
SpectraMax i3x (Molecular Devices, San Jose, CA) spectrophotometer using a kinetic
protocol at 490 nm for 20 min. Data are reported as milli-units (optical density)/min/mg
protein.
Glucose oxidase activity
Glucose oxidase (GOX) assays were conducted using a protocol modified of Reeves et al.
(2018) using the head of two honey bees for each treatment sample. Each treatment
(untreated control, solvent control, and active ingredient chlorantraniliprole) contained
three samples, and the experiment was performed in triplicate. Briefly, the honey bee
heads were homogenized with a Teflon glass tissue homogenizer in 1 mL of buffer
solution containing 80 mM sodium phosphate (pH 7.4), 5mM sodium chloride, 1% Triton
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X-100. The homogenates were centrifuged at 20,000 x g for 20 min at 4 °C and, then,
the supernatants were transferred to a clean 1.5-mL microcentrifuge tube. The
supernatant was used as the enzyme source for the GOX activity in addition total protein
content assays. Fifty (50) µL of undiluted supernatant was placed into individual wells of
a 96-well microplate. One-hundred and thirty (130) µL of master mix (50 mM potassium
phosphate buffer, 110 mM ß-D glucose, 50 U horseradish peroxidase) was added to each
well and the plate was incubated for 10 min at 37 °C. Finally, 20 µL of 3 mM Odianisidine was added to each well and the absorbance was read on a spectrophotometer
using a kinetic protocol at 430 nm for 90 min. Data are reported as milli-units (optical
density)/min/mg protein.
Total protein concentration
The total protein in each enzyme sample preparation was determined using a
bicinchoninic acid assay as described by Smith et al. (1985) with bovine serum albumin
as a standard. The head, thorax, and abdomen homogenates, prepared as previously
described, were used as the source for protein determination. The absorbance of the total
protein samples (mg mL-1) was measured at 560 nm using a spectrophotometer.
Statistical analyses
For virus replication verification experiments, the comparative CT (∆∆CT) method was
used to quantify the target FHV gene (FHV at 12, 24 h) in the sample relative to the
reference sample (FHV at 0 h). For each oral treatment, a post hoc Tukey’s multiple
comparison test determined differences in transcript levels at each time point. All
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phenoloxidase, glucose oxidase, and total protein calculations were calculated and
analyzed using GraphPad Prism 8 (GraphPad Software, San Diego, CA). For each
experimental group (virus and bacterial experiment), a two-way analysis of variance
(ANOVA) was used to determine the effect of treatment and time on phenoloxidase and
glucose oxidase activities and total protein concentrations. A post hoc Tukey’s multiple
comparison test was performed to determine significant differences in activities or
protein content between oral pre-treatment groups at each time point (α = 0.05).

RESULTS
Viral RNA expression
Six honey bees from each oral pre-treatment (untreated control, solvent control, and
active ingredient chlorantraniliprole) were collected at 0, 12, and 24 h after injection with
FHV. To verify successful infection and replication of FHV in honey bees, the
comparative CT (∆∆CT) method was used to quantify the target FHV gene (FHV at 12,
24 h) in the sample relative to the reference sample (FHV at 0 h) (O’Neal et al., 2017).
The relative expression of FHV transcript is presented in Figure 1. The relative transcript
level of FHV was significantly increased in untreated- (202-fold) and solvent-treated
(945-fold) honey bees at 24 h compared to 0 h. The transcript level of FHV in
chlorantraniliprole-treated honey bees at 24 h was elevated, but was not significantly
different from the 0 h levels.
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Phenoloxidase and glucose oxidase activity for virus-infected honey bees
Honey bees were provided oral treatments of 150 mg L-1 technical-grade
chlorantraniliprole and challenged with FHV followed by POX and GOX activity
measurements after 6, 12, and 24 h. The POX and GOX activity of chlorantraniliproletreated and FHV-infected honey bees was compared to individuals receiving an untreated
control, solvent control, and sham and vehicle injection treatments. The results of this
work are presented in Tables 1 and 2. The POX activities did not differ between cohorts
receiving any pre-treatment (untreated control, solvent control, or chlorantraniliprole
active) or immune challenge (no treatment, sham injection, vehicle injection, or virus
injection) at any time point. A two-way ANOVA determined that the effects of
treatment, time, and the interaction of the two were not significant (treatment, ns: DF =
11, F(DFn, DFd) = 0.8597, P = 0.5805; time, ns: DF = 2, F(DFn, DFd) = 0.2563, P =
0.7741; interaction, ns: DF = 22, F(DFn, DFd) = 0.9149, P = 0.5753) (Table 1).
The GOX activity of age-matched honey bees orally exposed to
chlorantraniliprole and presented a viral immune challenge was determined at three time
points spanning 1 d (Table 2). Treatment (DF = 11, F(DFn, DFd) = 1.947, P = 0.0339)
and time (DF = 2, F(DFn, DFd) = 63.92, P < 0.0001) were significant (interaction, ns: DF
= 22, F(DFn, DFd) = 1.150, P = 0.2935), and post hoc multiple comparison testing
determined no significant differences between GOX means at any timepoint or treatment.
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Phenoloxidase and glucose activity for bacteria-infected honey bees
Honey bees were provided oral treatments of 150 mg L-1 technical-grade
chlorantraniliprole and challenged with LPS followed by POX and GOX activity
measurements after 1, 6, 12, and 24 h. The POX and GOX activity of
chlorantraniliprole-treated and LPS-infected honey bees was compared to individuals
receiving an untreated control, solvent control, sham, and vehicle injection treatments.
The results of this work are presented in Tables 3 and 4. Treatment (DF = 11, F(DFn,
DFd) = 9.745, P < 0.0001) and time (DF = 3, F(DFn, DFd) = 22.15, P < 0.0001) had
significant effects on mean POX activity (interaction, ns: DF = 33, F(DFn, DFd) = 1.060,
P = 0.3813) (Table 3). At each time point, post hoc Tukey’s multiple comparison tests
determined significant differences in mean POX activities between treatments. At 1 h,
the mean POX activity of CHT/SHAM (P = 0.0030), CHT/VEH (P = 0.0273), and
CHT/LPS (P = 0.0192) bees were increased 1.70-, 1.59-, and 1.59-fold compared to the
UTC/NT bees. At 6 h, the POX activity of CHT/VEH (P = 0.0492) and CHT/LPS (P =
0.0099) were significantly increased 1.40- and 1.46-fold compared to UTC/SHAM bees
and CHT/LPS POX (P = 0.0370) activity was significantly increased 1.39-fold compared
to UTC/VEH. At 12 h, CHT/VEH activity was significantly increased compared to
UTC/NT (1.73-fold, P = 0.0006), UTC/SHAM (1.60-fold, P =0.0041), UTC/VEH (1.54fold, P = 0.0106), UTC/LPS (1.57-fold, P = 0.0070), SOLV/NT (1.71-fold, P = 0.0007),
SOLV/SHAM (1.53-fold, P = 0.0140), and SOLV/LPS (1.47-fold, P = 0.0324).
Additionally, at 12 h, CHT/LPS POX activity was significantly increased compared to
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UTC/NT (1.54-fold, P = 0.0417) and SOLV/NT (1.53-fold, P = 0.0496) bees. At 24 h,
bees in the CHT/SHAM cohort had 1.63-fold increased POX activity compared to
UTC/NC bees (P = 0.0322).
The GOX activity of adult honey bees orally exposed to chlorantraniliprole and
subsequently presented with a bacterial immune challenge was determined at four time
points over 1 d (Table 4). Treatment (DF = 11, F(DFn, DFd) = 2.490, P = 0.0050 ) and
time (DF = 3, F(DFn, DFd) = 12.59, P < 0.0001) were determined to be significant
factors in mean GOX activity (interaction, ns: DF = 33, F(DFn, DFd) = 0.7742, P =
0.8128). There were no significant differences in GOX activity between oral treatments
at any time point.
Total protein concentration
The mean protein content of the thoraces and abdomens was used to standardize the POX
activity of honey bees receiving oral pre-treatments and receiving injection with virus
(Table 5). A significant effect of time (DF = 2, F(DFn, DFd) = 11.55, P < 0.0001 ) and
the interaction (DF = 22, F(DFn, DFd) = 1.640, P = 0.0379) was observed for total
protein concentration, but not treatment (ns, DF = 11, F(DFn, DFd) = 0.7545, P =
0.6853). The post hoc tests observed no significant differences in mean total protein
content at any time point for any treatment group. The mean protein content of honey
bee heads used to standardize GOX activity were not significantly different between
treatments or timepoints (Table 6). However, both treatment and time were significant
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factors (treatment: DF = 11, F(DFn, DFd) = 1.860, P = 0.0447; time: DF = 2, F(DFn,
DFd) = 10.30, P < 0.0001; interaction, ns: DF = 22, F(DFn, DFd) = 0.3135, P = 0.9989).
The mean protein content of the thoraces and abdomens was used to standardize
the POX activity of honey bees receiving oral pre-treatments and receiving injection with
LPS (Table 7). Treatment (DF = 11, F(DFn, DFd) = 8.711, P < 0.0001) and time (DF =
3, F(DFn, DFd) = 12.17, P < 0.0001) had significant effects on mean protein content
(interaction, ns: DF = 33, F(DFn, DFd) = 0.7040, P = 0.8902). At 1 h, CHT/SHAM (P =
0.0005) and CHT/VEH (P < 0.0001) protein content was significantly reduced compared
to UTC/NT protein 1.50- and 1.57-fold, respectively, and CHT/SHAM (P = 0.0026) and
CHT/VEH (P = 0.0005) protein content was reduced compared to SOLV/NT 1.45- and
1.52-fold, respectively. There were no changes in protein content of thoraces and
abdomen samples at 6 h. At 12 h, CHT/VEH (P = 0.0278) protein content was decreased
1.40-fold compared to UTC/NT and SOLV/VEH (P = 0.0267) and CHT/VEH (P =
0.0019) protein was decreased compared to SOLV/NT 1.37- and 1.49-fold, respectively.
At 24 h, SOLV/SHAM (P = 0.0269), CHT/SHAM (P = 0.0120), and CHT/VEH (P =
0.0379) protein was decreased compared to UTC/NT 1.38-, 1.41-, and 1.36-fold,
respectively.
GOX activity was standardized using protein content of the heads, and treatment
(DF = 11, F(DFn, DFd) = 10.20, P < 0.0001) and time (DF = 3, F(DFn, DFd) = 31.84, P
< 0.0001) were found to be significant determinants of mean protein content (interaction,
ns: DF = 33, F(DFn, DFd) = 0.4892, P = 0.9928) (Table 8). At 1 h, SOLV/VEH (P =
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0.0097) and CHT/SHAM (P = 0.0201) protein content was decreased 1.46- and 1.42-fold
compared to UTC/NT bees, and SOLV/SHAM (P = 0.0174), SOLV/VEH (P = 0.0028),
CHT/SHAM (P = 0.0062), and CHT/VEH (P = 0.0218) were significantly decreased
compared to SOLV/NT 1.41-, 1.50-, 1.46-, and 1.40-fold. There were no differences in
head protein between insecticide or LPS injection treatments at 6 h. At 12 h,
SOLV/SHAM (P = 0.0108), SOLV/VEH (P = 0.0136), CHT/SHAM (P = 0.0407), and
CHT/VEH (P = 0.0013) protein content was decreased 1.60-, 1.59-, 1.51-, and 1.76-fold
compared to UTC/NT content. Finally, at 24 h SOLV/SHAM (P = 0.0010), SOLV/VEH
(P = 0.0007), SOLV/LPS (P = 0/0051), CHT/SHAM (P = 0.0041), and CHT/VEH (P =
0.0019) protein content was significantly decreased 1.59-, 1.61-, 1.51-, 1.52-, and 1.56fold compared to UTC/NT bees.

DISCUSSION
Chlorantraniliprole is an increasingly used insecticide which alters calcium flux in pest
species. Given the universal importance of calcium in a myriad of biological processes
including immunological signaling pathways (Berridge et al., 2000), alterations of
intracellular calcium caused by chlorantraniliprole exposure to beneficial insect species
such as the honey bee warrants further investigation. The inefficient target site binding
of chlorantraniliprole in honey bees, compared to pest insects, is hypothesized to be a
conformational change in the structure of the ryanodine receptor (Qi & Casida, 2013).
While the effects of chlorantraniliprole exposure to honey bees has been examined for a
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limited number of biological parameters, including locomotion (Kadala et al., 2019,
Williams et al., 2020), mortality (Dinter et al., 2010; Larson et al., 2013), flight intensity
(Dinter et al., 2010), and queen production (Larson et al., 2013), there is little information
regarding how chlorantraniliprole might affect the immune system of honey bees.
Christen and Fent (2017) found chlorantraniliprole to increase the expression of the
humoral immunity-related gene relish (humoral response inducer) and decrease the
expression of the genes hopscotch (Janus kinase), and domeless (JAK/STAT receptor).
However, there are no current studies reporting the effects of chlorantraniliprole on the
phenoloxidase (POX) and glucose oxidase (GOX) activities of honey bees. The aim of
this study was to examine the effects of technical-grade chlorantraniliprole on the POX
and GOX activities of honey bees infected with Flock House Virus (FHV) or E. coli
lipopolysaccharide (LPS). The effects of chlorantraniliprole exposure on the POX and
GOX activities of honey bees, in response to viral and bacterial pathogen, may provide
insight for how this insecticide can compromise their individual- and group-level
immunity to pathogen infections. To date, there are no studies that have focused on the
POX and GOX activities of honey bees exposed to chlorantraniliprole.
Here, age-matched honey bees were orally exposed to chlorantraniliprole at
solubility limits and presented with a viral or bacterial immune challenge. POX and
GOX activities were then observed over a 1 d period. POX is an individual immune
response of honey bees related to the melanization response. Melanization is a byproduct of POX activation and occurs in insects during cuticle tanning and wound
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healing. The production of free radicals and quinones during melanization promotes
wound healing and is used by circulating hemocytes to encapsulate or phagocytize
pathogens (Nakhleh et al., 2017). There was neither a significant difference in POX
activity observed for FHV-infected honey bees treated with chlorantraniliprole at 6, 12,
and 24 h, nor were these POX activities significantly different from that of
chlorantraniliprole-untreated, vehicle-treated, and sham-treated honey bees. However,
there were significant increases in POX activity observed for LPS-infected honey bees
treated with chlorantraniliprole at 1, 6, 12, and 24 h. Additionally, there were
significantly higher POX activities for chlorantraniliprole-treated honey bees receiving
sham, vehicle, and LPS injection compared to the honey bees receiving no injection.
These data suggest that chlorantraniliprole may increase POX activity after a wounding
event.
GOX is a group-level response of honey bees. GOX is produced primarily in the
hypopharyngeal glands of worker honey bees, and catalyzes the conversion of β-Dglucose to D-gluconic acid and hydrogen peroxide. This hydrogen peroxide possesses
antiseptic qualities and is utilized by bees to sterilize brood food, honey, and wax (Alaux,
et al., 2010). There was neither a significant difference in GOX activity observed for
FHV- or LPS-infected honey bees treated with chlorantraniliprole at 1, 6, 12, and 24 h,
nor were these GOX activities significantly different from that of chlorantraniliproleuntreated, vehicle-treated, and sham-treated honey bees.
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There are a number of studies that have documented the effects of pesticides
exposures on the immunity of honey bees. For example, Alaux et al. (2010) found the
insecticide imidacloprid to not alter the POX activity of honey bees infected with Nosema
ceranae, although this insecticide did significantly decrease their GOX activity.
However, Reeves et al. (2018) report the acaricides tau-fluvalinate and coumaphos to
significantly increase GOX activity in honey bees and, similarly, O’Neal et al. (2019)
found honey bees exposed to the fungicide chlorothalonil to have significantly higher
GOX activity. These data suggest the honey bee immune system to recognize a pesticide
as a potential pathogen threat and, in turn, can trigger a group-level immune response via
increased GOX activity to reduce potential infection of the colony. While this study did
not find chlorantraniliprole to significantly affect POX and GOX activities in FHVinfected honey bees, it was observed that POX activity was stimulated in
chlorantraniliprole-treated individuals infected with LPS. It was observed with Brandt et
al. (2016) that the melanization response of honey bees exposed to neonicotinoid
insecticides decreased after receiving wound-simulated parasitization of Varroa.
Therefore, we hypothesize that the chlorantraniliprole-mediated release of intracellular
calcium via the ryanodine receptor, albeit lower than that of pest insects, may result in an
increase in POX activity following infection with LPS. Calcium is required for a number
of immunological processes, such as aggregation, nodulation, and binding of hemocytes
to pathogens (Berridge et al., 2000). Calcium is also required for the activation of
prophenoloxidases in insects and crustaceans (Ashida & Söderhäll, 1984; Leonard et al.,
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1985), and a 1997 study in brown shrimp demonstrated the spontaneous activation of
prophenoloxidases when calcium was added to the buffer of collected hemocytes (GollasGalván et al., 1997). Additionally, C-type lectins are calcium-dependent molecules
which bind to the terminal sugars of microorganisms and act as a pattern recognition
receptor. The binding of c-type lectins to pathogens induces the cellular and humoral
immune response of insects, activating downstream cascades such as phagocytosis,
encapsulation, and melanization (Ao et al., 2007; Drickamer & Taylor, 1993; Schnitger et
al., 2009; Yu et al., 2006). Thus, the increase of cellular calcium in chlorantraniliproletreated honey bees may stimulate prophenoloxidase activity intrinsically or increase the
activity of recognition proteins such as lectins, resulting in the increased melanization
response in bees observed after injection compared to controls.
It was observed that FHV infection did not affect the POX activity of the honey
bees. While FHV infection was not anticipated to elicit a POX response in the honey
bees, it was hypothesized that the injection(s) would stimulate POX activity to melanize
the mechanical wound (Gillespie et al., 1997). Similarly, the LPS injection was
hypothesized to elicit a higher POX response in the honey bees, compared to that of the
sham and vehicle injections, due to their immune system recognizing the bacterial cell
wall of LPS. However, the increased POX activities were also observed for honey bees
receiving no a sham and vehicle injection. The lack of increased POX activity for honey
bees receiving LPS injections may be due to the amount of LPS injected into the honey
bees, which might not have been enough to stimulate a POX response. For example,
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previous studies report the injection of 1 - 5 µl aliquots of LPS (0.5 ng/µl) into honey
bees to increase POX activity (Laughton et al., 2011; Moret, 2000; Richard et al., 2008).
This study injected 0.05 µl aliquots of LPS (0.5 ng/µl) into the honey bees, which is 20to 100-fold less of LPS delivered to the honey bees. Although, the starting concentration
of LPS was the same as previously reported the reduced injection volume may be the
reason for not observing a POX response to LPS.
The stable infection of FHV was verified in subsets of honey bees receiving the
virus injection, with the relative transcript of FHV being analyzed at 12 and 24 h and
compared to 0 h levels. It was found that viral transcript levels increased over time in all
honey bees regardless of oral pre-treatment. However, the transcript levels at 24 h were
only significantly increased in untreated or solvent treated honey bees. The transcript
level of honey bees pre-exposed to technical grade chlorantraniliprole were not
significantly different at 0 and 24 h. This is likely due, in part, to the limited sample size
and considerable variation in transcript levels between samples in each pre-treatment
group. However, a noticeable decrease in transcript levels at 24 h in chlorantraniliproletreated honey bees compared to control treatments was observed and should be
investigated further.
This study found chlorantraniliprole to not affect the POX and GOX activities of
honey bees in response to virus infection following exposure to chlorantraniliprole.
Conversely, there was an increase in POX activity for chlorantraniliprole-treated honey
bees infected with bacteria, which may be related to the reduced total protein present in
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these individuals. It is recommended that additional studies are required to further
examine other immunological endpoints, such as antimicrobial peptide production, RNAi
responses, or challenging immunocompetence with Nosema infection or Varroa
parasitism. The high likelihood of honey bees exposed to chlorantraniliprole in natural
landscapes warrants the continued investigation of the honey immune responses to this
insecticide as well as next generation diamide chemistries.
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Figure 1. Relative transcript levels of Flock House Virus (FHV) replication in honey
bees. Fold change in FHV RNA expression over 24 h following infection with 1.5 x 106
pfu of FHV/bee. Data are presented as the mean fold change relative to the amount of
virus present at the time of infection and were analyzed using a two-way analysis of
variance with a post hoc Tukey’s multiple comparison test. Asterisks denote significant
fold change increase from the expression at 0 h within each treatment.

Table 1. Phenoloxidase activity of honey bees orally pre-treated with untreated control (UTC), solvent control (SOLV), or chlorantraniliprole
active (CHT) and subsequently receiving viral injection. Subsamples of bees from each oral pre-treatment were divided into the following
injection treatments: No treatment (no injection), Sham (mechanical puncture without fluid injection), Vehicle (injection with 50.6 nL Ringer’s
vehicle solution), and Virus (injection with 50.6 nL of 1.5 x 106 pfu Flock House Virus in Ringer’s solution). A two-way ANOVA with post hoc
Tukey’s multiple comparison tests determined significant differences in mean activity at each time point (α= 0.05). Superscripts a, b, and c denote
significant differences in means at 6 h; x, y, and z denote differences at 12 h; A, B, and C denote differences at 24 h.

POX ACTIVITY
6h

12 h

24 h

UTC

SOLV

CHT

UTC

SOLV

CHT

UTC

SOLV

CHT

NO TREATMENT

2.67
(0.93)a

2.76
(0.78)a

2.59
(0.79)a

2.57
(1.40)x

2.17
(0.82)x

2.97
(1.73)x

2.86
(1.07)A

2.66
(0.68)A

2.30
(0.78)A

SHAM

2.86
(0.96)a

2.38
(0.40)a

2.71
(1.03)a

2.67
(1.05)x

2.71
(0.88)x

3.62
(1.59)x

2.68
(0.60)A

3.53
(1.05)A

2.78
(1.38)A

VEHICLE

2.60
(1.04)a

3.12
(0.72)a

2.87
(0.61)a

2.82
(1.13)x

2.69
(0.76)x

3.03
(0.98)x

2.66
(0.64)A

2.62
(0.78)A

2.57
(1.19)A

VIRUS

2.72
(1.30)a

2.52
(0.67)a

2.90
(0.68)a

2.31
(0.69)x

2.66
(1.05)x

3.66
(2.03)x

2.49
(0.95)A

2.93
(0.93)A

2.84
(0.88)A
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Table 2. Glucose oxidase activity of honey bees orally pre-treated with untreated control (UTC), solvent control (SOLV), or chlorantraniliprole
active (CHT) and subsequently receiving viral injection. Subsamples of bees from each oral pre-treatment were divided into the following
injection treatments: No treatment (no injection), Sham (mechanical puncture without fluid injection), Vehicle (injection with 50.6 nL Ringer’s
vehicle solution), and Virus (injection with 50.6 nL of 1.5 x 106 pfu Flock House Virus in Ringer’s solution). A two-way ANOVA with post hoc
Tukey’s multiple comparison tests determined significant differences in mean activity at each time point (α= 0.05). Superscripts a, b, and c denote
significant differences in means at 6 h; x, y, and z denote differences at 12 h; A, B, and C denote differences at 24 h.

GOX ACTIVITY
6h

12 h

24 h

UTC

SOLV

CHT

UTC

SOLV

CHT

UTC

SOLV

CHT

NO TREATMENT

6.92
(3.42)a

3.95
(2.43)a

2.92
(2.41)a

7.21
(3.71)x

4.12
(2.26)x

4.75
(3.82)x

7.28
(4.59)A

7.55
(3.26)A

8.22
(4.22)A

SHAM

4.82
(3.84)a

3.18
(1.47)a

5.72
(4.06)a

5.18
(2.79)x

5.44
(2.03)x

4.21
(3.90)x

9.88
(5.02)A

11.6
(3.47)A

9.28
(4.23)A

VEHICLE

7.05
(2.66)a

5.08
(3.21)a

5.37
(3.45)a

4.61
(2.56)x

4.53
(2.93)x

5.58
(3.02)x

10.9
(2.60)A

10.8
(4.31)A

9.79
(4.77)A

VIRUS

6.17
(1.82)a

4.03
(3.10)a

3.66
(2.46)a

8.79
(2.47)x

5.17
(4.13)x

5.55
(3.37)x

11.9
(3.26)A

10.6
(4.30)A

11.3
(5.57)A
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Table 3. Phenoloxidase activity of honey bees orally pre-treated with untreated control (UTC), solvent control (SOLV), or chlorantraniliprole
active (CHT) and subsequently receiving lipopolysaccharide (LPS) injection. Subsamples of bees from each oral pre-treatment were divided into
the following injection treatments: No treatment (no injection), Sham (mechanical puncture without fluid injection), Vehicle (injection with 50.6
nL water), and LPS (injection with 50.6 nL of 0.5 mg/mL LPS in water). A two-way ANOVA with post hoc Tukey’s multiple comparison tests
determined significant differences in mean activity at each time point (α= 0.05). Superscripts a, b, and c denote differences in means at 1 h; x, y,
and z denote differences at 6 h; A, B, and C denote differences at 12 h; X, Y, and Z denote differences at 24 h.

POX ACTIVITY
1h

6h

12 h

24 h

UTC

SOL

CHT

UTC

SOL

CHT

UTC

SOL

CHT

UTC

SOL

CHT

NO
TREATMENT

2.21
(0.38)a

2.50
(0.53)ab

2.80
(0.90)ab

3.21
(0.69)xy

3.49
(0.81)xy

3.36
(0.54)xy

2.28
(0.73)A

2.30
(1.02)A

3.27
(0.84)AB

2.02
(0.53)X

2.57
(0.81)XY

3.08
(1.08)XY

SHAM

2.85
(0.46)ab

2.67
(0.40)a

3.77
(1.04)b

3.03
(0.75)x

3.30
(0.38)xy

4.23
(1.34)xy

2.46
(0.56)A

2.58
(0.66)A

3.44
(0.69)AB

2.21
(0.51)XY

2.97
(0.70)XY

3.28
(0.64)Y

VEHICLE

2.79
(0.48)ab

2.98
(0.93)ab

3.54
(0.94)ab

3.17
(0.64)x

3.26
(0.68)xy

4.25
(1.20)y

2.55
(0.73)A

3.25
(1.25)AB

3.94
(0.85)B

2.91
(0.95)XY

2.74
(0.71)XY

3.09
(0.56)XY

LPS

3.33
(1.29)ab

3.18
(0.82)ab

3.54
(0.57)ab

3.72
(0.54)xy

3.28
(0.39)xy

4.43
(1.20)y

2.51
(0.81)A

2.68
(0.72)A

3.52
(0.91)B

2.78
(0.32)XY

2.48
(0.35)XY

2.80
(0.56)XY
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Table 4. Glucose oxidase activity of honey bees orally pre-treated with untreated control (UTC), solvent control (SOLV), or chlorantraniliprole
active (CHT) and subsequently receiving lipopolysaccharide (LPS) injection. Subsamples of bees from each oral pre-treatment were divided into
the following injection treatments: No treatment (no injection), Sham (mechanical puncture without fluid injection), Vehicle (injection with 50.6
nL water), and LPS (injection with 50.6 nL of 0.5 mg/mL LPS in water). A two-way ANOVA with post hoc Tukey’s multiple comparison tests
determined significant differences in mean activity at each time point (α= 0.05). Superscripts a, b, and c denote differences in means at 1 h; x, y,
and z denote differences at 6 h; A, B, and C denote differences at 12 h; X, Y, and Z denote differences at 24 h.

GOX ACTIVITY
1h

6h

12 h

24 h

UTC

SOL

CHT

UTC

SOL

CHT

UTC

SOL

CHT

UTC

SOL

CHT

NO
TREATMENT

10.40
(3.16)a

8.87
(2.18)a

11.00
(4.67)a

9.36
(3.40)x

7.30
(4.36)x

7.96
(4.46)x

10.00
(2.24)A

8.61
(4.36)A

9.69
(6.09)A

10.20
(1.04)X

10.90
(3.15)X

13.70
(4.46)X

SHAM

10.40
(2.89)a

10.70
(3.48)a

12.30
(2.92)a

11.10
(2.78)x

8.33
(5.33)x

10.40
(3.76)x

11.60
(3.46)A

11.10
(6.12)A

10.30
(7.06)A

12.70
(1.84)X

9.72
(5.03)X

15.00
(3.40)X

VEHICLE

11.80
(2.07)a

12.60
(1.73)a

12.70
(1.94)a

10.00
(3.33)x

8.52
(5.48)x

8.88
(4.43)x

9.79
(2.98)A

9.40
(5.58)A

13.20
(5.90)A

12.40
(3.81)X

13.80
(3.76)X

15.30
(6.05)X

LPS

12.50
(2.64)a

13.20
(6.16)a

11.60
(3.27)a

11.70
(3.35)x

7.76
(3.73)x

9.04
(5.72)x

11.6
(4.44)A

9.17
(5.02)A

13.30
(5.67)A

13.80
(2.09)X

10.20
(3.13)X

13.10
(5.40)X
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Table 5. Mean abdominal protein content of honey bees orally pre-treated with untreated control (UTC), solvent control (SOLV), or
chlorantraniliprole active (CHT) and subsequently receiving viral injection. Subsamples of bees from each oral pre-treatment were divided into
the following injection treatments: No treatment (no injection), Sham (mechanical puncture without fluid injection), Vehicle (injection with 50.6
nL Ringer’s vehicle solution), and Virus (injection with 50.6 nL of 1.5 x 106 pfu Flock House Virus in Ringer’s solution). A two-way ANOVA
with post hoc Tukey’s multiple comparison tests determined significant differences in mean activity at each time point (α= 0.05). Superscripts a, b,
and c denote significant differences in means at 6 h; x, y, and z denote differences at 12 h; A, B, and C denote differences at 24 h.

POX PROTEIN
6h

12 h

24 h

UTC

SOLV

CHT

UTC

SOLV

CHT

UTC

SOLV

CHT

NO TREATMENT

12.17
(2.57)a

11.20
(1.38)a

11.30
(2.60)a

13.60
(5.28)x

12.90
(3.53)x

10.40
(3.20)x

11.10
(2.78)A

13.20
(3.60)A

14.10
(2.91)A

SHAM

10.62
(1.41)a

13.10
(2.57)a

11.90
(2.12)a

10.80
(2.93)x

10.60
(2.18)x

9.27
(2.23)x

11.70
(1.76)A

11.10
(2.63)A

13.30
(2.25)A

VEHICLE

12.52
(2.44)a

10.90
(2.05)a

13.10
(2.51)

10.30
(2.37)x

10.10
(1.65)x

9.85
(2.40)x

13.60
(3.10)A

12.50
(2.61)A

14.00
(2.42)A

VIRUS

12.98
(4.11)a

11.30
(2.04)a

12.30
(3.02)a

12.10
(1.85)x

11.10
(3.83)x

10.40
(2.20)x

12.30
(3.22)A

13.30
(1.53)A

12.90
(1.88)A
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Table 6. Mean head protein content of honey bees orally pre-treated with untreated control (UTC), solvent control (SOLV), or chlorantraniliprole
active (CHT) and subsequently receiving viral injection. Subsamples of bees from each oral pre-treatment were divided into the following
injection treatments: No treatment (no injection), Sham (mechanical puncture without fluid injection), Vehicle (injection with 50.6 nL Ringer’s
vehicle solution), and Virus (injection with 50.6 nL of 1.5 x 106 pfu Flock House Virus in Ringer’s solution). A two-way ANOVA with post hoc
Tukey’s multiple comparison tests determined significant differences in mean activity at each time point (α= 0.05). Superscripts a, b, and c denote
significant differences in means at 6 h; x, y, and z denote differences at 12 h; A, B, and C denote differences at 24 h.

GOX PROTEIN
6h

12 h

24 h

UTC

SOLV

CHT

UTC

SOLV

CHT

UTC

SOLV

CHT

NO TREATMENT

1.41
(0.17)a

1.36
(0.38)a

1.25
(0.41)a

1.35
(0.23)x

1.17
(0.17)x

1.17
(0.23)x

1.25
(0.32)A

1.37
(0.34)A

1.30
(0.23)A

SHAM

1.34
(0.43)a

1.33
(0.45)a

1.19
(0.37)a

1.13
(0.21)x

1.03
(0.15)x

1.03
(0.26)x

1.23
(0.24)A

1.15
(0.19)A

1.16
(0.09)A

VEHICLE

1.30
(0.44)a

1.17
(0.18)a

1.29
(0.34)a

1.12
(0.12)x

1.02
(0.19)x

1.07
(0.09)x

1.24
(0.22)A

1.10
(0.21)A

1.18
(0.23)A

VIRUS

1.43
(0.48)a

1.28
(0.41)a

1.34
(0.27)a

1.19
(0.25)x

1.05
(0.16)x

1.18
(0.29)x

1.40
(0.15)A

1.22
(0.18)A

1.16
(0.25)A
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Table 7. Mean abdominal protein content of honey bees orally pre-treated with untreated control (UTC), solvent control (SOLV), or
chlorantraniliprole active (CHT) and subsequently receiving lipopolysaccharide (LPS) injection. Subsamples of bees from each oral pre-treatment
were divided into the following injection treatments: No treatment (no injection), Sham (mechanical puncture without fluid injection), Vehicle
(injection with 50.6 nL water), and LPS (injection with 50.6 nL of 0.5 mg/mL LPS in water). A two-way ANOVA with post hoc Tukey’s multiple
comparison tests determined significant differences in mean activity at each time point (α= 0.05). Superscripts a, b, and c denote differences in
means at 1 h; x, y, and z denote differences at 6 h; A, B, and C denote differences at 12 h; X, Y, and Z denote differences at 24 h.

POX PROTEIN
1h

6h

12 h

24 h

UTC

SOL

CHT

UTC

SOL

CHT

UTC

SOL

CHT

UTC

SOL

CHT

NO
TREATMENT

16.50
(2.69)b

16.00
(3.41)b

13.30
(3.72)ab

13.10
(2.01)x

11.70
(1.77)x

12.70
(1.42)

14.70
(2.96)B

15.60
(4.39)B

12.10
(1.79)AB

15.50
(2.93)Y

14.50
(3.89)XY

12.80
(2.89)XY

SHAM

14.10
(3.80)ab

14.10
(3.18)ab

11.00
(1.88)a

11.90
(1.05)x

10.90
(1.70)x

9.50
(1.20)x

13.10
(2.30)AB

12.40
(2.05)AB

11.90
(2.74)AB

13.70
(2.40)XY

11.20
(1.69)X

10.90
(2.21)X

VEHICLE

13.40
(2.43)ab

12.90
(3.01)ab

10.50
(3.20)a

10.70
(1.11)x

10.60
(2.55)x

10.20
(1.16)x

12.50
(2.85)AB

11.30
(3.37)AB

10.50
(1.30)A

11.70
(2.37)XY

12.50
(2.42)XY

11.40
(1.93)X

LPS

13.20
(4.10)ab

12.60
(3.29)ab

12.70
(2.80)ab

12.60
(0.84)x

11.30
(1.79)x

10.80
(2.37)x

13.00
(2.45)AB

13.30
(2.73)AB

12.40
(1.47)AB

13.30
(2.10)XY

12.70
(2.39)XY

13.30
(2.32)XY
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Table 8. Mean head protein content of honey bees orally pre-treated with untreated control (UTC), solvent control (SOLV), or chlorantraniliprole
active (CHT) and subsequently receiving lipopolysaccharide (LPS) injection. Subsamples of bees from each oral pre-treatment were divided into
the following injection treatments: No treatment (no injection), Sham (mechanical puncture without fluid injection), Vehicle (injection with 50.6
nL water), and LPS (injection with 50.6 nL of 0.5 mg/mL LPS in water). A two-way ANOVA with post hoc Tukey’s multiple comparison tests
determined significant differences in mean activity at each time point (α= 0.05). Superscripts a, b, and c denote differences in means at 1 h; x, y,
and z denote differences at 6 h; A, B, and C denote differences at 12 h; X, Y, and Z denote differences at 24 h.

GOX PROTEIN
1h

6h

12 h

24 h

UTC

SOL

CHT

UTC

SOL

CHT

UTC

SOL

CHT

UTC

SOL

CHT

NO
TREATMENT

1.64
(0.34)b

1.69
(0.49)b

1.35
(0.37)ab

1.28
(0.29)x

1.09
(0.44)x

1.15
(0.38)x

1.36
(0.26)B

1.06
(0.22)AB

1.06
(0.26)AB

1.60
(0.16)Y

1.38
(0.38)XY

1.24
(0.24)XY

SHAM

1.42
(0.28)ab

1.19
(0.34)a

1.15
(0.36)a

1.19
(0.31)x

0.91
(0.29)x

1.05
(0.23)x

1.07
(0.14)AB

0.84
(0.14)A

0.90
(0.22)A

1.36
(0.23)XY

1.00
(0.23)X

1.05
(0.27)X

VEHICLE

1.34
(0.28)ab

1.13
(0.26)a

1.20
(0.35)a

0.94
(0.18)x

0.86
(0.21)x

0.92
(0.19)x

0.99
(0.20)AB

0.85
(0.14)A

0.77
(0.12)A

1.17
(0.21)XY

0.99
(0.24)X

1.02
(0.29)X

LPS

1.39
(0.34)ab

1.34
(0.36)ab

1.35
(0.41)ab

1.21
(0.26)x

0.99
(0.21)x

0.99
(0.39)x

1.17
(0.25)AB

0.96
(0.18)AB

0.99
(0.17)AB

1.23
(0.17)XY

1.06
(0.36)X

1.21
(0.38)XY
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CHAPTER 5: SUMMARY AND CONCLUSIONS
Overview
The global decline in wild bee populations and regional declines in honey bee colony
numbers presents an economic and agronomic threat to food security for our expanding
population. Growers rely on chemical interventions to reduce crop losses from insect
pests, but pesticide exposure is one factor implicated in the declining health and
abundance of bee communities. Chlorantraniliprole, an anthranilic diamide targeting the
ryanodine receptor, represents a new mode of action on the insecticidal market with a
non-overlapping target site with traditional chemistries. Chlorantraniliprole and other
next generation diamide insecticides are increasingly used in agricultural, horticultural,
and ornamental settings but analysis of off-target effects on bee pollinators is limited to a
small number of scientific publications. The overall goal of the research presented here
was to expand the knowledge regarding chlorantraniliprole effects on the honey bee
through observation of multiple physiological systems during exposure.

Chapter 2 Review
The activation of the ryanodine receptor in insect pests by chlorantraniliprole results in
rapid feeding cessation, contractile paralysis, and eventual death. The primary goal of this
study was to evaluate the acute toxicity, survival, and locomotion of honey bees orally
exposed to chlorantraniliprole. The active ingredient and three currently-available
formulated products (Prevathon® or 5SC, Coragen® or 20SC, and Altacor® or 35WG)
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were provided to honey bees at solubility limits or the maximum recommended label
concentration, respectively, for a 4 or 72 h exposure period and honey bees were
observed for 72 h. Honey bee mortality did not exceed 20% in any treatment group for
either exposure period even at the highest recommended application concentration.
Honey bees provided a 4 h exposure were observed to be lethargic and moved without
coordination at 24 h. However, these symptoms disappeared at the 48 and 72 h
observation periods. Honey bees provided a 72 h exposure to all chlorantraniliprole
treatments maintained this lack of coordinated movement for the duration of the
experiment. Honey bees receiving 4 h exposures of chlorantraniliprole survived over 30
d similar to controls, while individuals receiving active ingredient and two of the three
formulated products for 72 h had significantly decreased survival. Similarly, honey bees
receiving one of the formulated products walked less distance than untreated controls at
24 h but recovered to control levels at 48 and 72 h. Honey bees receiving any
chlorantraniliprole formulation for 72 h walked significantly less than controls for the
duration of the experiment. Honey bees exposed to the solvent control and active
ingredient survived and walked significantly less than honey bees receiving untreated
sucrose, suggesting an effect of the solvent DMSO on survival and locomotion. Overall,
it was observed that honey bees receiving a shorter exposure to chlorantraniliprole
formulations, even at worst-case scenario concentrations, were able to survive similar to
untreated individuals and recover from locomotor deficits elicited by chlorantraniliprole
exposure.
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Chapter 3 Review
The apparent tolerance and recovery of honey bees receiving a shorter exposure to
chlorantraniliprole treatments (4 h) in the second chapter raises questions regarding the
physiological mechanism(s) responsible for this tolerance. It is hypothesized that a
conformational difference in binding site is responsible for the decreased mortality
observed in honey bees, but no information exists regarding the detoxification of
chlorantraniliprole in this beneficial species. The enhanced activity of the detoxification
enzyme families P450, EST, and GST has been implicated in multiple cases of
insecticide resistance in insect pests. Thus, this study aimed to examine whether
enhanced detoxification activity could be responsible, in part, for the insensitivity of
chlorantraniliprole observed in honey bees. The primary goal of this work was to
determine the enzymatic activities of P450, EST, and GST over a 72 h exposure period to
chlorantraniliprole in the honey bee and a model pest insect, the fall armyworm.
Treatment produced sub-part per million lethal concentrations in fall armyworm,
highlighting its efficacy against susceptible lepidopterous pest species. After exposure to
the LC25 concentration, the specific activities of GST and P450 were significantly
increased in every treatment group of fall armyworm at 48 and 72 h. In honey bees,
specific P450 activities were significantly decreased in individuals receiving the solvent
control or active ingredient treatments at 24 and 48 h and specific GST activities
increased in those same groups at 48 and 72 h suggesting an effect of solvent rather than
insecticide. The putative information gathered here suggests that enhanced detoxification
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via these enzyme families is likely not a substantial contributor to honey bee tolerance of
chlorantraniliprole, and that P450s and GSTs likely contribute to detoxification in the fall
armyworm.

Chapter 4 Review
Innate immunity is well described in insects, and consists of multiple signaling pathways
capable of cross-talk. Demonstrated effects of insecticide exposure in honey bees range
from mortality to sublethal effects such as decreased learning, foraging efficiency,
grooming behavior, and immunocompetence. Multiple studies have observed that
individual- or group-level immune responses in honey bees may be altered by insecticide
exposure or that pre-exposed individuals presented with an immune challenge exhibit
differential survival or tolerance. In this study, age-matched honey bees were pre-treated
with the active ingredient chlorantraniliprole and injected with a virus or bacterium after
24 h. The activity of phenoloxidase, a marker of individual immunity, and glucose
oxidase, a marker of group-level immunity was then measured over 24 h. It was found
that phenoloxidase activity, glucose oxidase activity, and total protein content were not
altered in honey bees receiving a viral injection. This was an unsurprising result given
the knowledge that the RNA interference pathway is primarily responsible for mitigation
of viral pathogens in insects. In honey bees receiving a bacterial injection, phenoloxidase
activity was increased at all time points in chlorantraniliprole-treated cohorts receiving
any injection compared to untreated and un-injected honey bees. It is hypothesized that
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the initial increase in available calcium resulting from chlorantraniliprole exposure may
activate the phenoloxidase cascade or increase the activity of known pathogen-binding
receptors, such as calcium-dependent lectins, resulting in an increased melanization
response. Overall, it was found that chlorantraniliprole exposure does not alter the
phenoloxidase or glucose oxidase responses of virus-infected honey bees but appears to
increase phenoloxidase activity in honey bees after bacterial injection.

Conclusions
The exposure to broad-spectrum insecticides presents an ongoing threat to the
productivity and profitability of pollination services rendered by honey bees. The
development of selective insecticides with novel modes of action is imperative to both
control crop pests and protect our pollinators in a sustainable manner. The increasing
usage of chlorantraniliprole necessitates the investigation of effects exposure may have
on physiological systems in honey bees.
This study found that a short, 4 h exposure to active ingredient and three
formulated products of chlorantraniliprole had no detrimental effect on survival or
locomotion in honey bees. A 72 h exposure resulted in decreased survival in active
ingredient and two of three formulation groups in addition to decreased locomotion
although it should be noted that an exposure of this duration is unlikely to occur in the
field. Aside from solvent-treated groups, chlorantraniliprole exposure for 72 h showed
minimal alteration of detoxification enzyme activities, and future studies should verify
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these results with more mechanistic testing of detoxification processes. The observed
increase in phenoloxidase activity and decreases in total protein content following
chlorantraniliprole exposure and LPS injection are of particular interest. Future studies
should investigate whether the observed increase in phenoloxidase is maintained over
time or conversely a function of immediate increased calcium concentration that may
eventually deplete, leaving honey bees vulnerable to wounding or infection with
pathogens.
This study also raises important concerns regarding the use of carrier solvents
selected for honey bee toxicity experiments. Chlorantraniliprole possesses limited
solubility in water and many organic solvents and, thus, DMSO was used as the solvent
for this study. A final concentration of 2% DMSO appears to alter the survival,
locomotion, and metabolic detoxification enzyme activities of honey bees following a 72
h exposure. The effects of DMSO in solvent control groups in our experiments challenge
the interpretation of insecticide effects from those of the solvent. The exact mechanism
of interference by DMSO is unknown at this time, but solvent selection in future studies
should use DMSO only when necessary and at a lower concentration than used here.
The goal of this study was to increase knowledge of chlorantraniliprole effects to
a beneficial pollinator, the honey bee. The information gathered here bridges knowledge
gaps concerning lethal and sub-lethal endpoints of chlorantraniliprole exposure to honey
bees, confirms its lack of acute toxicity, and adds to the body of literature suggesting
target-site insensitivity as the primary mechanism for tolerance in honey bees. The
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research conducted here represents a worst-case exposure of chlorantraniliprole affecting
honey bees in the laboratory. The effects at the colony level are likely less pronounced
due to numerous environmental factors effectively diluting insecticide concentration and
exposures within the hive. It is concluded that chlorantraniliprole is an effective and
highly selective addition to the chemical rotations for IPM strategies and the risk to
beneficial pollinators, such as honey bees, can be minimized through strict adherence to
the application instructions of the insecticide label.

